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Statement of Disclaimer
Since this project is the result of a class assignment, it has been graded and accepted as fulfillment of the
course requirements. Acceptance does not imply technical accuracy or reliability. Any use of information
in this report is done at the risk of the user. These risks may include catastrophic failure of the device or
infringement of patent or copyright laws. California Polytechnic State University at San Luis Obispo and
the staff cannot be held liable for any use or misuse of the project.
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Executive Summary
Live cell imaging is a method used by scientists to obtain a better understanding of tissue and cell
functions through the study and imaging of cellular dynamics, however it is often detrimental to cell
cultures due to effects of changing environment on dynamic cellular events. In order to combat the effects
of a changing environment, our team has designed, manufactured, and tested an incubation chamber that
will control the heat and pH environment that these cells are experiencing throughout the imaging
process. This project is sponsored by the BMED microscopy core group to be used with the Olympus
IX73P2F inverted fluorescent microscope by undergraduate and graduate research technicians at Cal
Poly.
Our team first considered user requirements which were converted into engineering design specifications.
These specifications include but are not limited to, the sample temperature variation from the setpoint
value, the total size of the chamber, the time to heat up, the clarity, the accuracy of the temperature probe,
and the duration of heating. After defining our requirements, our team designed multiple conceptual ideas
to meet these requirements, keeping in mind intellectual property assessment and budgetary constraints,
and then used a morphology to determine the best concept. When the final design was completed, the
chamber was manufactured, according to our manufacturing process instructions. When the
manufacturing had been completed the user manual was written, outlining our instructions for use and
warnings to address hazards and risks that come with using the chamber.
The chamber was tested to determine if user requirements had been met by comparing data collected to
our engineering specifications. Our team tested the sample variation from the setpoint, the time to heat up
the chamber, and the accuracy of the temperature probe. It was concluded that the sample matches the
setpoint value and our chamber will keep the sample temperature within +/- 0.5˚C, which meets our user
specifications. After testing our materials and sizing, it was determined that the chamber can withstand
70% isopropyl alcohol cleaning as well as the autoclave process for sterilization. When imaging at 10x
magnification, transmittance testing showed no statistical difference in image clarity between the images
taken with and without the chamber. When using 4x magnification the image clarity was not visibly
different. Cell samples that were left out on the counter compared to those in the chamber over 3 hours
were analyzed under a microscope and indicated less cell death in the samples that were in the device, as
expected. The live cell imaging incubation chamber successfully sustains an heated environment that will
keep cells viable throughout the imaging process, and does not impede image quality.
Statement of Work
Network Diagram
The overall network diagram for this project has not changed, however new deadlines for manufacturing
and testing have been added to insure our project moves forward according to schedule. All milestones
are still set to be completed on time. The Network Diagram table has been updated to include tasks only
occurring during winter quarter.
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Figure 1. Overall Network diagram from January 10, 2022 to March 15, 2022. All tasks are represented
by their corresponding task number (as seen in Table1). Boxes highlighted in blue are tasks that have
slack, while tasks highlighted in red are a part of the critical path.
The network design is a visual representation of all the tasks our team has set for ourselves over the
entirety of the project timeline. These milestones have been set to ensure that our project will be done
within six months, and the critical path can be seen as the tasks outlined in red above (See Figure 1).
Every task is set with appropriate predecessors, subtasks, and constraint dates to make sure we do not fall
behind schedule.
This project will take approximately six months to complete from start to finish. The project is currently 3
months into the six month time period and is moving along the project timeline according to schedule.
Key deliverables for this project include milestones that are associated with major design processes.
Currently we are working on the functional prototype and test plan report. This report is being presented
to our sponsor representative, Dr. Heylman, on January 25, 2022. The next key deliverable after the
Functional Prototype Demonstration and Test Plan Presentation is the Final Prototype Demonstration and
Design Review which will be presented to the sponsor representative on March 8, 2022. To ensure our
team is on track before and after this demo, we will be delivering six key status update memos throughout
the project timeline. Small deadlines within our status updates will include completing manufacturing to
ensure that there is sufficient time to test and redesign our prototype. Lastly, the project will culminate in
an Expo Poster Presentation on March 15, 2022, when the design will be presented to our sponsor and
other sponsors of Cal Poly BMED senior projects. See Table 1 for updated key deliverables and dates.
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Table 1. All tasks and subtasks included in the Network Diagram. Labeled including the task number,
task, duration, start date, end date, lab space, personnel, equipment, materials, due dates, and times for
each task.
Legend: Manufacturing [green] Electronics [blue] Major Deliverable [yellow] Chamber Testing [orange]
Heated Stage Testing [pink]
Task

Duration Start Date End Date Lab Space

Personnel Equipment

1

Discussion with Shop Techs
about timing for machinery
(Water Jet, Mill)

1 day

1/4/22

1/4/22

Kerri, Elsa,
Mustang 60 Abby

2

Complete compressed gas
training

1 day

1/6/21

1/6/21

Canvas

3

Water Jet Polysulfone and
Aluminum (MPI Steps 1,2)

1 day

1/11/22

Kerri, Elsa,
1/11/22 Mustang 60 Abby
Water Jet

4

Measure CO2 sensor hole and
update sensor housing CAD
model (MPI Step 23)
1 day

5

Mill Polysulfone and
Aluminum (MPI Steps 3-6)

6

Drill and tap holes in
Polysulfone and Aluminum
(MPI Steps 7-12) - Drill the
pieces not being milled
(Including item 2.2, 2.3)

7

Drill holes for M4 plastic heat
set inserts on excess scrap of
polysulfone, practice using
soldering iron to press in heat
sets
1 day

8

Build circuitry with heat
sensors and PID controller

1 day

1/11/21

9

Finish COMSOL trainings

1 day

10

Updated project plan (1/6)

11

Drill and tap holes in
Polysulfone and Aluminum
(MPI Steps 7-12)

12

Materials

Due Date "Do" Date Time

Polysulfone,
Aluminum

1/10/22

2-4PM

1/6/21

12-4PM

Polysulfone,
Aluminum

1/11/22

12-2PM

1/11/22

Calipers,
Mustang
Kerri, Elsa, Solidworks,
1/11/22 60/192-330 Abby
3D printer

Left Side
Polysulfone

1/11/22

2-4PM

1 day

1/11/22

Kerri, Elsa,
1/11/22 Mustang 60 Abby
Mill

Polysulfone,
Aluminum

1/11/22

2-4PM

1 day

1/11/22

Kerri, Elsa, Drill Press,
1/11/22 Mustang 60 Abby
Tap Set

Polysulfone,
Aluminum

1/11/22

2-4PM

1/11/22

Drill Press,
Kerri, Elsa, Soldering
1/11/22 Mustang 60 Abby
Iron

Polysulfone
scrap, M4
Heat Set
Inserts

1/11/22

2-4PM

Electronics
Materials

1/11/21

12-4PM

1/9/21

12-4PM

Brady,
Elsa, Abby

1/11/21 192-330

Anna,
Simon

PID
controller,
heaters

1/9/21

1/9/21

Anna,
Simon

Computers

3 days

1/3/22

1/6/22

1 day

1/13/22

Kerri, Elsa, Drill Press,
1/13/22 Mustang 60 Abby
Tap Set

Polysulfone,
Aluminum

1/13/22

12-4PM

Assemble chamber walls and
sand to flatten (MPI Steps
1 day

1/13/22

Kerri, Elsa, Sandpaper,
1/13/22 Mustang 60 Abby
Flat Surface

Polysulfone
sides, 18mm

1/13/22

12-4PM

192-330

1/6/22

5

13,14)

13

Drill holes in the top and
bottom of Chamber Wall
subassembly (MPI Step 15)

M4 Screws

1 day

1/13/22

Drill Press,
Kerri, Elsa, Metric Tap
1/13/22 Mustang 60 Abby
Set

Chamber
Walls
Subassembly
(Polysulfone)

1/13/22

12-4PM

Chamber
Walls
Subassembly,
M4 Heat Set
Inserts

1/13/22

12-4PM

14

Heat press the M4 Heat Set
Inserts into chamber walls
(MPI Step 16)

1 day

1/13/22

Kerri, Elsa, Soldering
1/13/22 Mustang 60 Abby
Iron

15

Cut glass inserts for aluminum
and polysulfone (MPI Step 17) 1 day

1/13/22

1/13/22 192-330

Kerri, Elsa,
Abby
Glass cutter

Glass inserts

1/13/22

12-4PM

1/13/22 192-330

Silicone
sealant,
chamber top,
heat plate,
Kerri, Elsa,
glass top and
Abby
Heavy weight bottom

1/13/22

12-4PM

1/13/22 192-330

Silicone
sealant,
excess glass
Kerri, Elsa,
and excess
Abby
Heavy weight polysulfone

1/13/22

12-4PM

1/13/22

12-4PM

1/11/22

12-4PM

1/11/22

12-4PM

1/13/22

After
12PM

16

Glue cut glass to chamber top
and heat plate, let cure for 24
hours (MPI Step 18)
1 day

1/13/22

17

Glue excess piece of cut glass
to polysulfone piece for
material testing (x2)
1 day

18

Cut the silicone sheets to make
gasket and bumper (MPI Step
19)
1 day

1/13/22

1/13/22 192-330

Exacto knife,
Kerri, Elsa, 4mm biopsy Silicone
Abby
punch
sheets

19

Working on COMSOL model 1 day

1/11/22

1/13/22 192-330

Anna,
Simon

Computer

1/11/22

1/13/22 192-330

Anna,
Simon

PID
controller,
heaters

1/7/22

1/11/22

20

Working on PID controller

1 day

21

Status update memo #1 (1/11) 5 day s

1/13/22

Electronics
Materials

1/11/22
Silicone
sealant, cut
silicone
gasket,
Heavy weight chamber top

22

Glue silicone gasket to the
chamber top (MPI Step 20)

1 day

1/13/22

1/13/22 192-330

Abby

23

Assemble chamber walls,
chamber top, and heat plate
(MPI Steps 21-22)

1 day

1/13/22

1/13/22 192-330

Kerri, Elsa,
Abby

1/13/22

12-1PM

24

Assemble chamber with CO2
sensor and sensor housing
(MPI Step 24)
1 day

1/13/22

1/13/22 192-330

Kerri, Elsa,
Abby

1/13/22

12-1PM

25

Measure resulting internal

30 mins 1/13/22

1/13/22 192-330

Kerri, Elsa, Tape measure Completed

1/13/22

1-2PM
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26

27

28

29

30

31

32

volume

Abby

Weight of system

1/13/22 192-328

Kerri, Elsa,
Abby
Scale

Completed
assembled
chamber

1/13/22

1-2PM

1/13/22 38-134

Kerri, Elsa,
Abby

Completed
assembled
chamber

1/13/22

3-4PM

Abby

Container

70% IPA,
polysulfone,
silicone,
glass, silicone
sealant
combined test
scraps

Brady

polysulfone,
silicone,
glass, silicone
sealant
combined test
Toaster Oven scraps

1/18/22

12-4PM

1/20/22

12-4PM

1/20/22

12-4PM

30 mins 1/13/22

Compressor motion restriction 1 hr

Cleaning test with submerged
silicone sealant, polysulfone,
glass in IPA for 1 week
7 days

Toaster oven durability test
with silicone sealant,
polysulfone, and glass

1 day

Autoclave durability test with
silicone sealant, polysulfone,
glass, silicone
1 day

Continue PID and temperature
sensor code manipulation
1 day

Relative focus test

33

Run COMSOL simulation

34

Status update memo #2 (1/20)

1 day

1 day

1/13/22

1/13/22

1/15/22

1/15/22

1/18/22

1/20/22 192-330

Brady's
1/15/22 Home

1/15/22 192-328

1/18/22 38-134

assembled
chamber

Elsa, Kerri Autoclave

polysulfone,
silicone,
glass, silicone
sealant
combined test
scraps

Anna,
Simon,
Kerri

Completed
assembled
chamber and
gas control
circuitry

1/20/22 38-134

Elsa

Olympus
Microscope, Completed
Computer,
assembled
Matlab
chamber

1/20/22

1/20/22 38-134

Anna,
Simon,
Kerri

Computer

1/12/22

1/20/22

1/20/22

1/20/22
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35

Test plan presentation (1/25)

1/25/22

1/25/22

1/25/22

36

Test plan report (1/25)

1/25/22

1/25/22

1/25/22

37

Functional prototype video
(1/25)

1/25/22

1/25/22

1/25/22

38

Temperature Probe Accuracy

39

Trial 1: Heat Time,
Temperature Variation (2
different tests)

40

Trial 2: Heat Time,
Temperature Variation (2
different tests)

41

Status update memo #3 (2/8)

42

Trial 3: Heat Time,
Temperature Variation (2
different tests)

43

Continued Testing

44

Heat Control System Max
TIme Test

45

1 day

1 day

1day

1 day

1 day

1/27/22

2/1/22

1/27/22 38-134

Anna,
Simon,
Kerri

2/1/22

38-134

Anna,
Simon,
Kerri

38-134

Anna,
Simon,
Kerri

2/3/22

2/3/22

1/21/22

2/8/22

2/8/22

2/8/22

2/10/22

2/10/22

Glass
Ice, glass
Thermometer water

1/27/22

12-4 PM

Heat Control
System and
chamber

2/1/22

12-4 PM

Heat Control
System and
chamber

2/3/22

12-4 PM

2/8/22

12-4 PM

2/8/22

38-134

2/11/22

2/11/22 38-134

Status update memo #4 (2/15)

2/9/22

2/15/22

46

Continued Testing (user
testing, external volume)

2/15/22

47

Continued Testing (user
testing, external volume)

48

Anna,
Simon,
Kerri

Heat Control
System and
chamber

2/10/22

Simon

Heat Control
System and
chamber

2/11/22

12-8 PM

2/15/22

2/15/22

12-4PM

2/17/22

2/17/22

2/17/22

12-4PM

Status update memo #5 (2/22)

2/16/22

2/22/22

49

Continued Testing (user
testing, external volume)

2/22/22

2/22/22

2/22/22

12-4PM

50

Continued Testing (user
testing, external volume)

2/24/22

2/24/22

2/24/22

12-4PM

51

Status update memo #6 (3/1)

2/23/22

3/1/22

3/1/22

52

Senior project design report
(3/8)

3/8/22

3/8/22

3/8/22

2/15/22

2/22/22
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53

BMED expo poster
presentation (TBD)

3/15/22

3/15/22

Indications for Use
This IFU was written in conjunction with the gas control team.
The Live Cell Imaging Gas Control and Heated Stage system is indicated for modular use with the
Olympus IX73P2F Microscope by undergraduate and graduate research technicians. It will maintain an
environment suitable for live cell imaging of mammalian cells for up to 8 hours by regulating CO2
concentration to 5% and within a ± 0.5 °C of user specified temperature.
Budget
The budget shows all items purchased to manufacture the live cell imaging device. This includes items
that were used for the heated stage, gas control, and the chamber itself. The overall budget of this project
was $200 per team for a total of $400 to create the device. Both teams applied and were awarded $500
through the Hannah Forbes Grant to increase the overall budget to $1400. Our team ended up spending
$1259.06 which means there is an excess $140.94 which will be donated to the BMED microscopy core
group to purchase materials in the future that will be needed to maintain and clean the device.
Table 2. Combined heated stage and overall chamber and gas control budget.
Item
Description

Product
Number

Purpose

Associated
Task

Unit

Quantity

Cost/Unit

Total
Cost

Heating
Element

Heat Enclosed
9887 Space

Heating

4

1

$3.55

$14.21

Heating
Element

Heat Enclosed
9886 Space

Heating

4

1

$3.99

$15.99

Measurement

1

1

$63.28

$63.28

RTD
Temperature
Probe

25N-030H

Measure
Temperature

9

RTD
Temperature
Probe

403325

Measure
Temperature

Measurement

1

1 74.4-61.11

$13.29

PID
Controller

Control heating
based on
temperature
404734 sensors

Control

1

1

$85.50

$85.50

Sensor Cable

Connect
temperature probe
100160 to PID controller

Connection

1

1

$8.80

$8.80

Connection

1

1

$5.66

$5.66

200

1

$0.05

$10.51

Stranded 18
Wire Gauge
25 ft

8054TI5

Connecting inputs
and outputs to
crimped wire

Fork Spade
Terminal
Wire
Connector

a1412010
0ux0292

Connect wires to
PID Controller

Connection

Electromagne
tic Power
Relay 24 V

YJ2N-LY

Allow system to
hold more current

Relay

1

1

$9.99

$9.99

24 V DC
Power Supply

43285063
85 Powers electronics

Power

1

1

$24.99

$24.99

8 Position
Terminal
Block

MP-T003
-11-121

Combine wires

Connection

4

1

$3.97

$15.89

70355K1
07

Connect power
supply to PID
controller

Connection

1

2

$6.80

$13.60

Power Cord

10

Aluminum

89155K1
1

Bottom of design

Chamber

1

1

$54.48

$54.48

Polysulfone

CS381-0
0500

Insulative sides of
chamber

Chamber

1

1

$234.75

$234.75

Silicone

5S-062-1
2

Insulative material

Insulation

1

2

$11.85

$23.70

25 mm M4
Screws

93395A2
66

Connect the parts
of chamber

Connection

50

1

$0.18

$8.91

Tapered Heat
Set Inserts

97163A1
52

Connect plastic
and metal

Connection

1

2

$5.51

$11.02

Glass Inserts

B08974S
Q74

Viewing window

Viewing
window

1

2

$7.99

$15.98

Glass Cutter

N/A

Cut Glass

Cut

1

1

$4.97

$4.97

Silicone
Sealant

6937T92

Seal box

Sealant

1

2

$5.23

$10.46

Thumb
Screws

92558A3
70

Open lid of
chamber

Connection

1

6

$8.55

$51.30

N/A

For sanding down
material

Material
Reduction

1

1

$7.99

$7.99

Gas Control

Gas Control

Sanding
Sheets
Gas Control

$379.39

24 well-plates

N/A

Testing

Testing

1

1

$20.74

$20.74

IPA

N/A

Testing

Testing

1

1

$4.38

$4.38

11

Tax/Shipping
Total

$149.28
$1,259.06

Customer Requirements
To address the problem of keeping cells alive during imaging, our team aims to design a device to mimic
the natural environment in which cells thrive. The device we create will provide a heated environment for
cell samples which is manually adjustable by the user and maintains optimal sample viewing. We have
identified the main needs for this project through sponsor interviews and a survey of individuals who
currently use the microscope for research. The requirements that take precedence among our customers
are uniform heating of cell samples, programmable temperature range, capacity for a variety of sample
vessels, optimal clarity unobstructed by condensation, simple user interface, ease of sample placement,
and workability around the device. Samples must be near the level of the stage so that the focusing
capacity of the microscope is not affected. It must work in conjunction with a gas control unit, fit well
with the microscope, and be powered through a wall adaptable power cord. To prevent excess heating and
possible evaporation of solution, heating elements will not be placed directly in contact with the cell
samples. A probe inserted in the system will monitor the temperature and communicate settings to the
user interface. This project will not propose the device for gas control but will be compatible with the gas
control unit and will be intended for use with it.

Specification Development
The testing method for our first specification, sample temperature variation from setpoint, has been
altered to no longer include a COMSOL model. We performed physical temperature measurements at the
sample location using the infrared thermometer to determine the accuracy of the device. We also removed
the specification for heater cycle time because changing this value did not affect the accuracy of our
heating system. The specification for vertical range of motion of the condenser was also removed because
it does not impact the imaging quality or capability.
In order to meet customer requirements we developed a set of engineering specifications that are
verifiable through testing. The Quality Function Deployment process was employed to evaluate the
importance of given requirements and link these to potential methods of assessing performance. After
contacting our customer base, determining and weighting their requirements, our team began research into
current heated stage designs. By evaluating the current market we were able to learn how companies are
meeting requirements and where there is room for improvement. The two main benchmarks we have
identified are the EVOS Onstage Incubator by ThermoFisher, and the H301-K-Frame by Okolab (EVOS,
H301). Consideration of current heated stage designs helped us identify measurable characteristics that
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contribute to creating a quality system, as well as brainstorm methods of heating and connection with gas
control.
A House of Quality was developed to determine how to meet requirements with verifiable specifications.
By weighting requirements and identifying the strength of correlations with specifications we determined
the relative importance of each specification. This process helped our team ensure each requirement was
matched with a measurable design criteria, as well as determining how to verify all necessary aspects of
the design. We set tolerances for each specification in our design based on the “delighted” and
“disgusted” target value. Using the information about weighted importance of these target values we
determined the relative risk associated with the spec. In doing so we considered what means may be
necessary to test and verify each element as well as potential costs and time requirements.
Specifications
Table 3. Target specifications for prototype verification.
Spec. #

Parameter
Description

Requirement of
Target (units)

Tolerance

Risk

Compliance

1

Sample temperature
variation from setpoint

± 0.5 ℃

±1℃

H

Test

2

Total size of chamber

250 mm X 184 mm
X 50.7 mm

± 0.5 mm

L

Analysis,
Inspection

3

Time to heat up

10 min

+ 10 min

M

Test, Analysis

4

Degree of focus

20 %

Max

H

Inspection,
Analysis

6

Accuracy of
temperature probes

± 0.2 ℃

± 0.3 ℃

M

Test, Analysis

7

Duration of heating

8 hours

-2 hours

M

Test

●

●

Sample temperature variation from setpoint: The variation in temperature from the specified
input value is important to minimize because cell samples may thrive only in very small ranges.
The worst case allowable is for temperature to vary 1.5℃, because beyond this range cellular
activity may change. To ensure that this variation is within 0.5℃ we plan to place a temperature
probe within the unit, calibrating the temperature readout. By doing so, we can determine how
uniform the temperature is across the sample vessel as well as the accuracy of the read-out on the
interface. This specification is high risk because obtaining such uniform heating depends on the
proper design and placement of heating sources and other specifications such as conductivity and
size. Obtaining uniform heating is therefore a main objective of our design process.
Total size of chamber: The box and frame must fit in the existing port, where it will be screwed
into place in existing holes, and be capable of receiving different culture vessels. The device will
be designed according to the dimensions obtained from the microscope and there is little risk in
designing this parameter correctly. The dimensions do have a low tolerance because the frame
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●

●

●

●

must align well with the screw holes and may not be larger than the stage or smaller than the
inserts. Testing the success of this parameter simply requires measurement of the insert and can
also be confirmed through observation.
Time to heat up: The device must be able to heat up in a reasonable amount of time for the
operator not to be inconvenienced. Because the microscope is used by multiple people, they will
need to be able to complete their imaging and be able to switch the samples, adjusting the
temperature accordingly. We have decided based on surveys and customer input that a reasonable
amount of time would be 10 minutes or less, though up to 20 is acceptable. This will be tested by
determining the amount of time from activating the device heating system until it reaches the
desired temperature. To determine the variation in heating time, we will record the time it takes to
heat up to different temperatures, from room temperature.
Degree of focus: Clarity of the glass in the device, above for the light source and below for the
objective, must be maintained for the operators to obtain clear images. Because the purpose of
using the microscope is to view samples, it is vital that the device not block the ability of
operators to see details. The degree of focus should ideally be within 20% of the maximum
relative degree of focus, which should be attainable with thin glass. If the medium is too thick, the
light may not be focused as precisely as desired; if the glass is too thin, there is an increased risk
of damage as well as heat loss. Testing the transmittance can be done with matlab image analysis,
and simply by user evaluation of the clarity.
Accuracy of temperature probe: The temperature probes must be placed in locations that do not
directly touch heat sources so that they read the temperature at the sample location only. To do
this they must be placed either on the sample vessels or appropriately calibrated to give an
accurate reading of the cell samples. This has a low tolerance because it is vital that the user have
confidence in the measurements, which also allows testing of how accurate the heat sources are.
The probes can be tested by using COMSOL to model what is expected vs what the probes read.
Testing can also be done by performing temperature measurements with various tools and
comparing results.
Duration of heating: The device should be able to function for up to 8 hours so the user can
image the live cells and identify changes over time. This has medium risk because the heaters
must not overheat and fail in order to maintain the electrical connection, and the chamber may
experience leakage over time. This can be tested by running the assembled device for a few hours
and measuring the temperature of the heaters at repeated intervals to ensure they don’t overheat
themselves.

Intellectual Property Assessment
The intellectual property assessment has not been altered.
Table 4. Related issued patents and patent applications.
Patent

Status

Description

Infringement

Incubator for
monitoring embryos
(Ramsing)

Issued

Rotatable circular disk
with embryos and
viewing port for

The incubation
chamber with an
imaging system is
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images. Keeps the
embryo alive while
being able to see.

similar but will have a
rectangular design not
circular.

Temperature Controlled
Dish Apparatus
(Focht)

Issued

Transparent conducting
material on culture
vessels to help conduct
heat into the vessels.
Use a thermistor to
measure and
communicate the
temperature.

Patent expired so do not
need to address
licensing issues.

Micro-Incubation
System for microfluidic
cell culture (Lee, P)

Issued

Culture chamber to
help create an ideal
environment for
microfluidic cultures.
Use a heat exchange
model to help control
heat in the chamber.

Creating an
environment for cell
culture is similar to our
goal. Will not use a heat
exchange module
similar to this patent.

Microscope
Surveillance System
(Donneys)

Applications

Surveillance System
used in incubators to
help capture videos of
live cells.

Similar idea of
connecting imaging
with an incubator to
help image live cells.
However, this patent
looks at imaging in
normal incubators
which is the opposite of
our project.

Anti-Fog Heat
Generating Glass
(Lee, D)

Applications

Able to set temperature
of heat generating glass
sheet and control
condensation by
comparing the dew
point to temperature.

The main concept of
this design is the two
layers of glass (one for
heating, the other not).
We will be simplifying
and will not copy the
main concept.

Conjoint Analysis
The conjoint analysis has not been altered from the conceptual design review.
The three factors observed were size of the design, the material coating, and the temperature adjustment.
The two levels for the size were one size fits all vs multiple sizes for multiple flasks/plates. The two levels
for the material coating were condensation prevention vs heat loss/transfer prevention. The two levels for
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temperature adjustment were manual checks and adjustments vs automatic (Table 5). After the surveys
were done by others in the class, the raw data was collected and displayed into a table (Table 13).
The conjoint cards were as follows:
● 1,1,1: One stage insert that fits all plates/flasks, material coating that prevents condensation,
manual temperature check and adjustment
● 1,2,2: One stage insert that fits all plates/flasks, material coating that prevents heat loss/transfer,
and automated temperature checks and adjustments
● 2,1,2: Multiple stages for each flasks/plates, material coating that prevents condensation, and
automated temperature checks and adjustments
● 2,2,1: Multiple stages for each flasks/plates, material coating that prevents heat loss/transfer, and
manual temperature checks and adjustments
With the data we performed an ANOVA analysis to determine what factors were the most important. Our
results indicate that the factor of temperature regulation is the only significant factor in determining the
success of our product (Figure 2). We found that the analysis created 𝑦 = 3. 21 − 0. 737𝑋3 as the
equation. Within temperature regulation the preferred method is automatic temperature regulation because
the rank of 1 is a better rank of 4. The lower the y-value, the better the rank. Because the preferred level is
indirectly proportional to the rank, the negative coefficient value indicates that the second level is
preferred. In our case, the second level is automated temperature adjustment, whereas the first level was
manual temperature adjustment. Because this is the only coefficient that is significant, it has 100%
contribution to customer satisfaction.
Table 5. Summary of factors and levels.
Factors

Levels

Size

1 stage insert that works with all cell flasks and
well plates
Multiple stages for each flask/plate

Material Coating

Material coating that prevents condensation
Material coating that prevents heat loss/transfer

Temperature Regulation

Manual temperature checks and adjustments
Automated temperature checks and automatic
adjustment by the system
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Figure 2. ANOVA analysis done with the raw data showing that temperature is the only significant factor.
The equation created from the ANOVA analysis: 𝑦 = 3. 21 − 0. 737𝑋3. X3 represents the temperature.

Morphology
The following morphology is the same one presented in the conceptual design review, but the design has
been changed and these designs are no longer current.
To complete the morphology we first decomposed the function into specific, attainable functions. The
functions that we came up with were how to secure the device onto the stage, types of insert plates,
chamber sealing methods, sample insert method, heating method, and temperature control. For each of the
functions, we came up with different concepts to attain these functions. Each concept had a little picture
and a short description of the idea. After coming up with the concepts, we combined the different ideas
into a conceptual design denoted by the different colored stars (Table 6).
Table 6. Morphology table with concepts for the different functions
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After creating the 3 conceptual designs, each member of the team created a sketch to help assign form to
function.
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Figure 3. The first concept shows a design with connections to outer screws using pegs, usage of existing
plates, magnetic closures, a sliding lid on the top, heating elements on the side and top edges of the box,
and warnings when temperature exceeds range. Purple circles indicate magnets and red lines indicate
heating elements.
The first concept (“green”) was chosen as the simplest and most basic design that will most likely be the
easiest to create and manufacture (Figure 3). By choosing to use the insert plates that are already available
to us, we will not have to design or 3D print any inserts that will hold our samples. Because we want to
use the available inserts, the most simple way to secure the device is with pegs that will be part of the
main device and will not require any fixation with screws to the stage. To insert the samples, the top will
simply slide off and samples will be placed in the bottom of the box, and the lid will be sealed on the top
with four magnets. By having the heating element on the top and side edges of the box, we will not have
to worry about image interference. Lastly, having temperature controlled by the user, based on audible
temperature warning signals, will be less expensive and easier to design.
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Figure 4. The second concept shows a design with screws that screw into the top of the stage, use of
available plates, a gasket closure, a drawer with single sliders, heating elements from the side and top
edges, and automatic temperature adjustment.
The second design (“purple”) was chosen because it combines aspects that make using the device with the
microscope as easy as possible for the user (Figure 4). By placing the box in a frame that screws into the
microscope stage preset holes, the main box can be easily secured to the stage. This frame also allows for
a slide out drawer because it is not set into the stage. A slide out drawer design makes it easy for the user
to place samples in the temperature controlled box without completely inscrewing the device from the
stage. The slide drawer will fit all vessel inserts that are already used on the microscope, so adapting the
device for all sample vessels will be simple. Clips and a gasket combination will ensure tight closure that
the user can be confident in while moving the whole stage for imaging. Heating strips will be applied to
the sides and edges of the top, leaving a clear section, to provide uniform heating to the center of the box
where samples are located and maintain clarity above and below the sample. The temperature will adjust
automatically when necessary to keep it at the set level requiring no user action.
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Figure 5. The third concept shows a design with the device screwed into the microscope stage, custom 3D
plates, inset and flush closure, a U shaped drawer slide in, water heating around the box, and automatic
temperature adjustment.
The third design (“blue”) was chosen to fit into the inner chamber of the microscope and to peak out
above (Figure 5). The corners of the box would screw into the microscope allowing the design to be
stable. A U shaped chamber will be used to open up the design like a drawer. The custom made 3D
printed plates will be used to fit with the drawer like mechanism. The drawer fits perfectly into place
helping seal off the design to keep the heat in. Water pipes would be embedded into the walls of the
design to help heat the ambient air inside and keep a constant heated environment. This water would cycle
into the design and then out of the design back to a box. This box will heat the water to the required
temperature and automatically adjust the temperature when the values go out of the set range. Since water
has a high specific heat the water will stay at a stable temperature which helps keep the inside of the
design at a set temperature.
Concept Evaluation
Concept evaluation has not been altered from the conceptual design review.
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After identifying three possible concepts, we compared them using a pugh chart decision matrix. Three
iterations were performed by each team member, setting one of the three concepts as the baseline to
compare the others against. The criteria used to rate the concepts were obtained from customer
requirements and conclusions from the house of quality. These criteria can be seen in the example pugh
chart in Table 7.
Table 7. Example Pugh Chart with the purple concept set as the baseline

Baseline:
Purple
Issue: Choose live imaging heated stage design

Green

Blue

Provides uniform heating for cell samples

20

0

0

Heating element fits with microscope stage insert

10

-1

0

Maintains optimal sample viewing

20

0

-1

Works in tandem with gas control chamber

15

0

1

Place and remove samples with ease

10

1

-1

Keeps samples alive for multiple hours

15

0

0

Ability to check and adjust temperature through simple interface

10

-1

0

Total

-1

-1

Weighted Total

-10

-15

Datum

From the Pugh chart analysis, our group found that the concept model we labeled as “Purple” is the front
runner concept and the one that our group will be pursuing. This concept includes a frame that screws into
the top of the stage, a device that incorporates the stage inserts we already have access to, clip and gasket
closure, drawer on single sliders at base for placement of the samples, heating elements on sides and top
edges of the device, and automated temperature adjustments for the most user friendly interface. We
selected this concept by comparing all three concepts using Pugh charts. The Purple concept model was
clearly the winner for each of the comparisons and beat out both the Green and Blue designs. In the
averages table it is clear that the Blue model was the worst, with an average of -25, the Green model was
in the middle with an average score of 15, and the Purple model was superior to both others with a score
of 90. The Purple model will meet our requirements the best by providing the best uniform heating,
optimal sample viewing, easy sample loading and unloading, cell viability, easy to adjust temperature
controls, and also will work in conjunction with the gas chamber control group. Our group was in
consensus with all of these measurements. The elements that were changing were very obviously either
beneficial or detrimental to each specific requirement, so determining the best model was very similar for
each member of our group.
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Table 8. Average weighted scores accumulated from each of the Pugh charts.
Concept Model

Average Score

Green

15

Blue

-25

Purple

90

Concept Model
The original concept models no longer align with the current design, but were useful in developing the
design.
After successfully completing the morphology and pugh charts to determine the concept that had the most
potential to be a successful design, our team was able to model this concept to gain understanding of the
device. Concept modeling is used to create a functional model of the product and evaluate concept
feasibility. To do this we compared our model against our customer requirements and made decisions
about future designs using limited knowledge.
Original Concept Model
To make this concept model we first decided to create a physical model out of cardboard (see Figure XX)
with the understanding that the most important aspect of our design is that it will interact with the
Olympus IX73P2F microscope. By creating a physical model we were able to see how accurate our
dimensions were and were able to understand many of the physical characteristics of the design. In order
to expend the least amount of resources, our physical model was made from cardboard and glue inexpensive items that modeled the physical form and function successfully. We first took measurements
of the microscope stages and slides to ensure that the model would integrate physically. This data was
collected to improve the concept model before it was created and played an important role in the final
design. After building the design out of cardboard, we inspected it and made decisions about how to make
it stronger and more durable.

25

Figure 6. Original concept model made out of cardboard and tested physically with Olympus scope.
The bulk of the physical analysis came with testing the model on the Olympus microscope to see how the
model interacted with the physical characteristics of the microscope. We did this by placing the
microscope inserts into our tray and then placing the physical model on the stage. We did this to see how
the entire device fit with the light source and if there was any interference (see Figure 7). We also took
this time to make more accurate measurements that we will be able to use in the future for our re-designs.
(A)
(B)

(C)
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Figure 7. Images of the physical model. (A) Slide insert fit with the tray. (B) Tray sliding into the box. (C)
Entire device sitting on microscope stage.
From our initial model we learned a lot about the importance of dimensions and tolerancing, especially
those that will be interacting with the microscope slides that are already available to us. The dimensions
being used throughout the model have changed and the tolerances will need to be tighter for the tray. We
also determined that the frame will be necessary for securing the device to the stage, so there will be
adjustments made to the side of the device that slides out.
By placing our physical model on the stage we recognized that raising the samples above the stage level
may present a problem for imaging with the preset objective ranges. Ideally the samples should be as
close to stage level as possible. Another issue is that the vertical range of the light source is much greater
than our box design allows for. The height of the culture dishes will be one determining factor in the
overall height of the box. We also realized that the width of the box may make it difficult to fit the heating
elements and frame around it while maintaining the full forward and backward range of motion of the
stage. We discussed creating a drawer that is not inset for the inserts like this design was, but rather raised
so the insert can fit securely on top to save room on the sides.
Second Concept Model
Our original concept model helped our group with determining the physical aspects of design, and we
wanted to begin modeling our new ideas through CAD to make it more adjustable as our ideas changed.
Figure 8 illustrates the original model from SolidWorks that has been specifically designed to be easily
modified.

Figure 8. Second concept model made in SolidWorks including the frame.
Our solidworks model has made it possible to determine the exact dimensions for the shortest box
possible. As well as sparking new ideas for heat transfer to the box. Initially, we thought that the device
would be best heated by attaching heating components directly to the box, but after looking at the
physical design and conferring with group 7, we decided that it would be ideal if the heating elements
were not attached to the box. With the heating elements being attached to the frame instead of the box, the
gas components will be able to connect to the box and there will be no wires in the way. To do this, we
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plan on extending the frame up to the top of the box on the front and back only - this is not indicated on
our second concept model and will be included in future models. The heating elements will be stuck to the
inside of the frame and the heating pads will then rest against the side of the box and heat it up. We will
create cutouts in the side of the box to allow wires to escape and not be stuck between the frame and the
box. We have also determined that the sides of the box, unlike the top and bottom, will be made of metal
to be a better conductor.
Detailed Design
Review
The second concept model, as seen in Figure 8, was changed significantly before our team accepted our
final design. When considering design changes, our team, in conjunction with the gas control team, were
considering a few new pieces of information that heavily altered our models. First, our team determined
that the farthest the sample could be from the objective was 5 mm, eliminating the idea of using a drawer,
as it would sit too high above the stage. Second, the depth of the stage was not wide enough to include
heating elements on the front and back of the box, so our team had to implement heating elements on the
bottom of the box instead. Third, the materials we were potentially going to use were found to have
properties that would either scratch and impede imaging, or were not able to be enclaved.
Final Design
Our final design can be seen in Figure 9. Starting from the bottom of the box, there is a silicone layer that
will not only protect the stage from any scratches, but also will insulate the stage against the heating
elements. Between the silicone layer and the aluminum base of the device sits the heating elements that
will conduct heat through the aluminum and into the chamber. The aluminum base has an inset piece of
1.8mm thick glass that will be secured with an insulating glue, as we do not want the glass to heat up.
Samples will either be placed in the stage inserts and then into the box, or can be directly placed on the
glass in the box for imaging that requires a higher objective (shorter focal length). The sides of the box
house the gas input, CO2 sensor, temperature probe, and pressure release valve. Polysulfone was chosen
as the sides and top of the box, as it is a hard plastic that can be easily machined and enclaved for sterility.
The top of the box has another piece of glass inset into the plastic, with 4 thumb screws for easy removal
of the lid during sample loading.
Material Selection
There will be 3 main materials used in this device. Silicone was chosen for its insulating properties, as
well as pliability. The silicone will be used to protect the stage from heat and scratches from the metal, but
will also be used as a gasket at the interface between the lid and the sides of the box. Its malleability will
aid in creating an airtight seal that minimizes gas leakage. 6061 Aluminum is conductive and will allow
for heat to easily be transferred from the heating elements to the box, and it is also easily manufacturable.
The aluminum can also withstand the enclave process and will be easily sterilized. Polysulfone is a hard
plastic that will be insulating and will reduce the amount of heat lost to the surrounding environment. The
polysulfone can also be enclaved because it can withstand temperatures up to 400 ˚F without deforming.
Lastly, glass was chosen over an acrylic because it will not be as easily scratched during the cleaning
process and will maintain optimal imaging. A complete list of materials used in the device can be found in
Table 10, the Bill of Materials.
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Cost Estimation
The cost of the device chamber, including material and manufacturing, will amount to approximately
$443.45. The heat control aspect of the chamber will add an additional $310.72 for heating probes,
heating elements, and a PID controller, and testing. The gas control will add an additional $407.26 for a
gas input, CO2 sensor, and pressure release valve. Manufacturing costs will be no higher than $100,
totaling approximately $1,261.43. A breakdown of all costs can be found in the updated budget, Table 2.
Dimensioning
All dimensions of the device have been chosen to insure that the box meets customer requirements, while
also fitting into the constraints that have been dictated by the microscope itself. Base dimensions of the
aluminum were chosen to fit on the surface of the stage without limiting its mobility. The cutout for the
glass was chosen because it is the smallest size that will accommodate all samples that will be imaged by
users, according to our user survey. The width of the glass is as thin as possible, while still being durable,
to allow for higher level objectives to continue to image samples with such a short focal length. The
height of the box is as short as possible to allow the condenser to come down as close as possible to the
box and increase light during imaging. The geometry of the box is asymmetrical to allow for the
temperature probe, CO2 sensor, and pressure release valve to have enough room to protrude into the
device without interfering with the samples. Every dimension of the chamber is intentional, as our team
must fit within tight constraints in every direction to make this idea successful. Exact dimensions for
every part can be seen in the detailed drawings in Figures 11,13,15,17,19,21 and 23 or in the Appendix.

Figure 9. Full assembly model of final design.

Prototype Manufacturing Plans
See full BOM (Table A) and MPI (Table B) in the appendix.
The manufacturing and test schedule for the winter quarter covers key tasks and activities that will take
place between our return to campus on January 10, 2022 to the end of quarter BMED project expo taking
place March 15, 2022. Table 1 outlines the deliverables included in our updated network diagram. Each
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key deliverable is highlighted in yellow, each manufacturing process is highlighted in green, electronic
and simulation studies are highlighted in blue, joint testing between both the heated stage and gas control
groups are highlighted in orange, and all testing that is specific to the heated stage group is highlighted in
pink. Manufacturing dates have been set to ensure that all manufacturing is completed before the
functional prototype video deadline, and testing dates have been determined to make sure there is enough
time to redesign and complete further testing if needed.
Chamber manufacturing processes will primarily be done in Mustang 60. Shop technicians will assist in
the use of the water jet and mill, however all other manufacturing processes such as using the drill press
and tap sets will be completed by assigned team members. All equipment, lab space, personnel, and
materials necessary for each step of the manufacturing process can be found with our deliverables in
Table 1.
Assembly of the heating system was completed in 192-330 with simple tools such as a crimper,
screwdriver, and wire cutters, which are already in our possession. COMSOL simulations will be run
either on computers in 192-330, or on personal laptops using the Cal Poly remote desktop. Testing of the
heating system will also be completed in 192-330 using an infrared temperature gun and glass
thermometer. Modular evaluation of the device will be done in the microscope lab in building 38, as well
as user testing and surveys.
Table 9. Manufacturing process overview and schedule.
Task # Task

Duration

Start Date End Date Lab Space Personnel

Equipment

Materials

"Do" Date Time

1

Discussion with
Shop Techs about
timing for
machinery (Water
Jet, Mill)
1 day

1/4/22

1/4/22

Mustang
60

Kerri, Elsa,
Abby

Polysulfone,
Aluminum
1/10/22

2-4PM

3

Water Jet
Polysulfone and
Aluminum (MPI
Steps 1,2)

1/11/22

1/11/22

Mustang
60

Kerri, Elsa,
Abby
Water Jet

Polysulfone,
Aluminum
1/11/22

12-2PM

4

Measure CO2
sensor hole and
update sensor
housing CAD
model (MPI Step
23)

1 day

1/11/22

1/11/22

Calipers,
Mustang Kerri, Elsa, Solidworks, Left Side
60/192-330 Abby
3D printer Polysulfone

5

Mill Polysulfone
and Aluminum
(MPI Steps 3-6)

1 day

1/11/22

1/11/22

Mustang
60

1 day

Kerri, Elsa,
Abby
Mill

1/11/22

2-4PM

Polysulfone,
Aluminum
1/11/22

2-4PM
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6

Drill and tap holes
in Polysulfone and
Aluminum (MPI
Steps 7-12) - Drill
the pieces not
being milled
(Including item
2.2, 2.3)
1 day

7

Drill holes for M4
plastic heat set
inserts on excess
scrap of
polysulfone,
practice using
soldering iron to
press in heat sets 1 day

1/11/22

11

Drill and tap holes
in Polysulfone and
Aluminum (MPI
Steps 7-12)
1 day

1/13/22

12

Assemble chamber
walls and sand to
flatten (MPI Steps
13,14)
1 day

13

Drill holes in the
top and bottom of
Chamber Wall
subassembly (MPI
Step 15)
1 day

14

Heat press the M4
Heat Set Inserts
into chamber walls
(MPI Step 16)
1 day

1/13/22

1/13/22

15

Cut glass inserts
for aluminum and
polysulfone (MPI
Step 17)
1 day

1/13/22

1/13/22

16

Glue cut glass to
chamber top and
heat plate, let cure
for 24 hours (MPI
Step 18)
1 day

17

Glue excess piece
of cut glass to
polysulfone piece
for material testing
(x2)
1 day

1/11/22

1/13/22

1/13/22

1/13/22

1/13/22

Mustang
60

Kerri, Elsa, Drill Press,
Abby
Tap Set

Polysulfone,
Aluminum
1/11/22

2-4PM

1/11/22

Mustang
60

Drill Press,
Kerri, Elsa, Soldering
Abby
Iron

Polysulfone
scrap, M4
Heat Set
Inserts

2-4PM

1/13/22

Mustang
60

Kerri, Elsa, Drill Press,
Abby
Tap Set

Polysulfone,
Aluminum
1/13/22

12-4PM

1/13/22

Mustang
60

Polysulfone
Kerri, Elsa, Sandpaper, sides, 18mm
Abby
Flat Surface M4 Screws 1/13/22

12-4PM

Mustang
60

Drill Press,
Kerri, Elsa, Metric Tap
Abby
Set

Chamber
Walls
Subassembly
(Polysulfone) 1/13/22

12-4PM

Mustang
60

Kerri, Elsa, Soldering
Abby
Iron

Chamber
Walls
Subassembly,
M4 Heat Set
Inserts
1/13/22

12-4PM

192-330

Kerri, Elsa,
Abby
Glass cutter Glass inserts 1/13/22

12-4PM

192-330

Kerri, Elsa, Heavy
Abby
weight

Silicone
sealant,
chamber top,
heat plate,
glass top and
bottom
1/13/22

12-4PM

Kerri, Elsa, Heavy
Abby
weight

Silicone
sealant,
excess glass
and excess
polysulfone

12-4PM

1/11/22

1/13/22

1/13/22

1/13/22

192-330

1/11/22

1/13/22
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18

Cut the silicone
sheets to make
gasket and bumper
(MPI Step 19)
1 day

22

Glue silicone
gasket to the
chamber top (MPI
Step 20)
1 day

1/13/22

1/13/22

192-330

Abby

23

Assemble chamber
walls, chamber top,
and heat plate
(MPI Steps 21-22) 1 day

1/13/22

1/13/22

192-330

Kerri, Elsa,
Abby

1/13/22

12-1PM

24

Assemble chamber
with CO2 sensor
and sensor housing
(MPI Step 24)
1 day

1/13/22

1/13/22

192-330

Kerri, Elsa,
Abby

1/13/22

12-1PM

1/13/22

1/13/22

192-330

Exacto knife,
Kerri, Elsa, 4mm biopsy Silicone
Abby
punch
sheets

Heavy
weight

1/13/22

Silicone
sealant, cut
silicone
gasket,
chamber top 1/13/22

12-4PM

After
12PM

Hazard and Risk Mitigation
Table 10. Hazard and risk identification and corrective actions taken.
Description of Hazard
When the box closes
there is a potential for
pinching of the fingers.

Planned Corrective Action

Planned Date

The box will not close
automatically and will need to
be latched, which will
decrease the chance of
pinching that would be
harmful. There will be a
gasket between the surfaces
which will make any pinches
less severe. Users will be
instructed to wear gloves to
protect against pinches.

January 24, 2022

Actual Corrective Action
The box will not close
automatically and will need
to be thumb screwed, which
will decrease the chance of
pinching that would be
harmful. There will be a
gasket between the surfaces
which will make any pinches
less severe. Users will be
warned to be careful of
pinching in the operation
manual.
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The device will be
heated to temperatures
above 37 degrees C to
ensure that the samples
can be kept at body
temperature.

A layer of insulation will be
placed below the heating
elements to prevent heating of
the microscope or any surface
that the user may touch. An
insulating material will be
used for most of the box to
allow it to be safely held and
adjusted.

January 24, 2022

A layer of insulation will be
placed below the heating
elements to prevent heating
of the microscope or any
surface that the user may
touch. An insulating material
will be used for most of the
box to allow it to be safely
held and adjusted. Users will
be warned that the base of the
device will be hot and to only
touch it while wearing
protective gloves in the
operation manual.

The device will have
heating elements that
can reach high
temperatures. If used
recklessly or a
malfunction the device
may be heated to
dangerous levels.

Insulation can be used to help
protect the microscope. If
possible, use a controller to
limit the maximum
temperature the heating
elements can reach to keep the
elements from reaching
dangerous temperatures.

January 24, 2022

Insulation can be used to help
protect the microscope. We
will use a controller to cycle
the heating system on and off
to ensure the temperature
does not get too high and
keep the elements from
reaching dangerous
temperatures. Users will be
warned that the base of the
device will be hot and to only
touch it while wearing
protective gloves in the
operation manual.

Instructions for Use
The following instructions are for the chamber, heat control, and imaging. See full Operation Manual in
the appendix for the gas control procedure.
Procedure 1
Summary
This procedure is used for setting up the physical device and loading the samples into the device.
Revision
1-January 11, 2022 - Original Operations Manual - Byrne
2-February 24, 2022 - Update setup procedure - Byrne
Procedure Steps
1. Spray a paper towel with 70% isopropyl alcohol and wipe down all surfaces inside the chamber.
Specifically, ensure that the glass at the top of the chamber and bottom of the chamber do not
have fingerprints.
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a. Before moving on to the next step, ensure the chamber top is screwed securely to the base
of the chamber.
2. Ensure the pressure release valve is attached to the left side of the chamber. See Figure 1.
3. Attach the CO2 sensor (press fit) on the left side of the chamber. See Figure 1.

Figure 1. A. CO2 sensor. B. Pressure release valve.
4. Attach the temperature probe by screwing in until finger-tight. See Figure 2.
5. Attach the temperature probe cord (orange end) to the temperature probe by aligning the
half-circle in the appropriate indent and then twisting the metal until finger tight. See Figure 2.

Figure 2. Temperature probe (silver) and cord (orange)
6.
7.
8.
9.

Move to Procedure 2 and complete Steps #1-6.
Unscrew all four thumb screws at the top of the device by twisting to the left.
Remove the lid of the device and set aside.
Carefully place the sample directly on the glass, being careful not to slide it around as this might
scratch the glass.
10. Place the device lid back on the top of the device. Place rear screws first and then front screws.
Begin tightening the back two screws then tightening the front two screws. Tighten by twisting to
the right until finger tight.
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WARNING: Be careful when placing the lid back on the device that you do not pinch your
fingers between the lid and the device base.
11. Move to Procedure 3 and complete Steps #1-5
12. Move to Procedure 4 and complete all steps.
13. When imaging is complete, see Procedure 2, Step #7-10, and Procedure 3, Step #7-10.

Procedure 2
Summary
This procedure is used for setting up the heat control aspect of the device.
Revision
1-January 11, 2022 - Original Operations Manual - Byrne
Procedure Steps
1. Place the silicone heating mat on the stage, as far to the right as possible, with the heaters facing
up and cords coming off of the left side. See Figure 3.

Figure 3. Silicone heating mat on stage with wires coming off the left side.
2. Place the device on top of the silicone layer with the aluminum base in contact with the silicone
and heaters. The glass should be aligned with the silicone cutout with two inputs on the left and
one on the right. See Figure 4.
WARNING: Ensure the chamber does not sit on top of any wires.
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Figure 4. Device on top of the silicone heating mat on the stage.
3. Plug in both power cords, labeled “heater” and “controller,” to the extension cords behind the
counter. The controller screen should turn on.

Figure 5. Heat control box with heater and controller plugged into extension cords.
4. Wait about 10 seconds for the controller screen to display a temperature reading on the top line in
large red font. The set-point temperature is on the bottom line in small green font. The heaters
will also turn on at this point, indicated by a green light on the relay (see figure 5).
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Figure 5. Relay with green light on, indicating the heaters are on.
5. Allow the chamber to heat to the set-point temperature. The red temperature on the controller
screen will match the green set-point when it has heated up. This will take about 20 minutes.
WARNING: The base of the device will be hot once the heating system is turned on. Do not
touch the aluminum base while the heating system is on.
6. Return to Procedure 1, steps #7-10.
7. When imaging is complete, unplug both power cords. The top can be unscrewed and the sample
removed.
8. Wait 5 minutes for the device to cool down before removing the chamber and heaters from the
stage.
9. Allow the device to cool down completely on the benchtop until it is no longer hot to the touch.
10. Move device and all heating elements (silicone heating pad, controller, and power source) to
Bench Cabinet #17
Procedure 4
Summary
This procedure is used for using the device while imaging.
Revision
1-January 11, 2022-Original Operations Manual - Bean
Procedure Steps
1. Turn on the Olympus light source
2. While watching the objective you will use to visualize the samples, move the objective up
towards the stage. Move it as close as possible to the device, then use the lock function of the
stage adjustment knob to ensure the objective does not go above this desired height.
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Figure 3. The stage adjustment knob unlocked (left) and locked (right).
3. For bright field imaging
a. Turn the bright field light on
i.
Ensure that the filter cube is on an empty space
ii.
Ensure the shutter is closed
4. For fluorescent imaging
a. Turn the burner on
b. Ensure the bright field light is off
c. Choose the appropriate filter cube
d. Open the shutter

Figure 4. Once turned on the burner light will be blue. In this image, the burner is currently on
and at an intensity of 3.
5. Use the coarse focus to visualize sample
a. May require the removal of the top of the chamber (see Procedure 1) is using the
compressor
6. Using the desired objective visualize your sample with the correct filter cube
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WARNING: Ensure that when you use the coarse and fine focus that it does not hit the
glass.
WARNING: Ensure that when moving the X-Y stage controls that the glass top of the
objective does not hit the edge of the aluminum and silicone bottom
Reminder: This device is designed to work with 4x and 10x objectives
7. When finished imaging follow instructions to turn off Heat Control (see Procedure 2) and Gas
Control (Procedure 3)
8. Power down the microscope
a. If using bright field turn of the light
b. Ensure the shutter is closed
c. Lower the stage all the way
d. Turn off the burner
e. Turn off the Olympus light source
Test Plans
Test for accuracy of COMSOL model
DOE
●
●
●
●

●

Null Hypothesis: The physical temperature at specified locations does not vary more
than ± 0.5 ℃ from the COMSOL model prediction.
Type of test: One-sampled, two-tailed t-test
Experimental groups: For each specified location: Physical measured temperature,
COMSOL predicted temperature
Expected outcome: There should be no significant variation in temperature. This would
confirm that the COMSOL model is accurate and can be used to calibrate the PID
controller so that the read-out temperature is adjusted to measure temperature at the
sample location.
Sample size: 34

The equipment required for this test is a computer with the COMSOL model simulation, an
infrared temperature radar gun, the assembled chamber, a sample insert, and the heating control
system. The testing will be done by all team members in building 192 room 330, on February 17,
2022. If the test does not yield the expected results, we will further analyze the COMSOL model
to ensure accuracy of material information and consider how to account for variation in our
model.
Protocol
1. Create the COMSOL model, specifying all materials, geometries, and heat source qualities
2. Run a stationary COMSOL simulation with the lid closed
3. Obtain the COMSOL predicted temperatures at two locations outside the chamber: the center of
the top glass piece and right chamber wall.
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4. Place the chamber on the silicon insulated heating layer. Place the culture dish in the center of the
bottom glass piece. Place the lid on top and screw it into place. Connect the cable to the
temperature sensor.
5. Turn on the heaters, checking that the setpoint is set at 37℃. Allow the device to heat up so that
the read-out temperature on the controller matches the setpoint.
6. Using the infrared temperature radar gun, measure the temperature at each of the two locations 34
times each, measuring once every 20 seconds.
7. Enter the recorded data in Minitab and perform a t-test on the data at each location.

Specification #1 Testing: Sample temperature variation from setpoint
DOE
●
●
●
●

●

Null hypothesis: The temperature difference between the perceived value recorded by
the probe and the sample temperature is less than 0.5˚C.
Type of test: One-sample, two-tailed t-test
Experimental groups: Perceived value temperature from probe, temperature at the
sample
Expected outcome: There should be no significant variation between the perceived value
and the measured sample temperature. This will ensure that the temperature that is
displayed on the controller is the temperature the cell sample is at.
Sample size: 12

The equipment required for this test is an infrared temperature radar gun, the assembled chamber,
a sample insert, and the heating control system. A 36 well plate will be used for this experiment.
The testing will be done by all team members in building 192 room 330, on March 3, 2022. If the
test does not yield the expected results we will consider whether we need to include a temperature
offset. Due to the need to remove the lid quickly to measure the temperature inside the chamber
with the infrared gun, we do expect some variation between the measured temperature and
setpoint.

1.
2.
3.
4.
5.

Protocol
Set up the chamber on the silicon insulated heating layer and allow it to come to room
temperature.
Unscrew the lid and place the culture dish in the center of the bottom glass piece. Let it sit with
the lid closed for 10 minutes to ensure it reaches equilibrium.
To obtain a measurement, quickly remove the lid from a corner of the chamber and use the
infrared thermometer to measure the temperature somewhere on the sample dish.
Repeat step 3 every 3 minutes until 12 measurements have been obtained.
Analyze the data.

Specification #2 Testing: Total size of chamber
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To ensure that our device meets the specifications for size, the device will be measured using a
metric ruler and compared to the CAD model. We will also place our device on the stage of the
Olympus inverted microscope to check by inspection that it fits within the dimensions of the stage
and does not prevent adjustment of the stage. This will be done by all team members in building
38, room 134 on January 10, 2022. If the device does not meet the size requirements we may need
to adjust the model and alter the device accordingly in the shop.

Specification #3 Testing: Time to heat up
This first test will determine the initialization time of the device from room temperature.
DOE
●
●
●
●

●

Null hypothesis: The time required for the device to heat up to the setpoint temperature
from room temperature does not exceed twenty minutes.
Type of test: One-sample, one-tailed t-test
Experimental groups: Time
Expected outcome: There should be no significant variation from the expected and
actual time to heat up. A p-value of greater than 0.05 is ideal here to affirm that the
device does not take more than 15 minutes to heat up.
Sample size: 8

The equipment required for this test is the assembled chamber, a sample dish, and the heating
control system. Time will be recorded using the timer on a team member’s phone. All team
members will perform this testing in building 192, room 330, on February 3, 2022. If the test does
not produce the desired result and the device takes too long to heat up, we will consider adding
additional heating strips to the silicon insulated heating layer and adjusting the cycle time of the
heaters to speed up the heating process.
Protocol
1. Place the chamber on the silicon insulated heating layer. Place the culture dish in the center of the
bottom glass piece. Place the lid on top and screw it into place. Connect the cable to the
temperature sensor.
2. Start the temperature at room temperature
3. Turn on the heaters and make sure the set temperature is set to 37 °C
4. Note the time when the sensor stabilizes around 37 °C
5. Repeat this test up to 8 times; letting the chamber cool down to room temperature each time.
6. Perform t-test and obtain p-value
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This second test will determine the time to reheat after perturbation.
DOE
●

●
●
●

●

Null hypothesis: The time to reheat to the set-point temperature increases linearly with
the time the lid is removed and does not exceed five minutes if the lid is removed for one
minute.
Type of test: Linear regression
Experimental groups: Time to reheat, time lid was removed
Expected outcome: There should ideally be a linear relationship between the time to
reheat and the perturbation time. This is important so that if the user needs to access the
sample during imaging, they understand the effects of removing the lid on the
environment. Ensuring that leaving the lid off for one minute does not cause the chamber
to require more than 5 minutes to reheat minimizes the time cells spend outside of their
optimal conditions.
Sample size: 8

The equipment required for this test is the assembled chamber, a sample dish, and the heating
control system. Time will be recorded using the timer on a team member’s phone. All team
members will perform this testing in building 192, room 330, on February 17, 2022. If the test
does not produce the desired result and the device takes too long to heat up after perturbation, we
will consider adding additional heating strips to the silicon insulated heating layer and adjusting
the cycle time of the heaters to speed up the heating process.
Protocol
1. Place the chamber on the silicon insulated heating layer. Place the culture dish in the center of the
bottom glass piece. Screw the lid into place on top. Connect the cable to the temperature sensor.
2. Turn on the heating system and allow it to reach the set-point temperature of 37℃.
3. Remove the lid and leave it off for 10 seconds.
4. Replace the lid and measure the time it takes to return to the set-point temperature.
5. Repeat previous steps for periods of 10-60 seconds.
6. Perform linear regression for the recorded data and obtain the r-squared value.

Specification #4 Testing: Degree of Focus

Material allows for captured images to be within 20% of the maximum relative degree of
focus obtained without use of the enclosure.
The equipment required for this procedure is the Olympus IX73P2F microscope,
including 4x and 10x objective lenses and the connected computer, an existing
fluorescently stained cell culture sample, the prototype incubation chamber, and
MATLAB, including various auxiliary toolboxes.
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1.

2.
3.
4.
5.
6.
7.
8.

Protocol
Have a trained lab researcher prepare a fluorescently stained cell culture sample for
imaging on the Olympus IX73P2F scope as normal (i.e., without the incubation
chamber).
Capture 10 distinct images in fluorescent mode of the sample using a 4x objective lens.
Capture 10 distinct images in fluorescent mode of the sample using a 10x objective lens.
Reconfigure the microscope stage using the same cell culture sample, this time placed
inside the incubation chamber.
Repeat steps 2 and 3 for this setup.
Use MATLAB to obtain numerical values for relative degree of focus for all images
captured.
Determine, at each magnification level, the maximum relative degree of focus for the
images captured in steps 2 and 3.
Determine whether the relative degree of focus for images captured at 4x magnification
while using the incubation chamber falls within 20% of the maximum determined for 4x
magnification in step 7. Repeat for 10x magnification.

Specification #5 Testing: Accuracy of temperature probe
DOE
●
●
●
●

●

Null hypothesis: The temperature probe is accurate to within 0.2 ℃.
Type of test: One sample, two-tailed t-test
Experimental groups: media of known temp; temp recorded by sensor; temp variation
Expected outcome: There should be no significant variation as this means that the
temperature probe is accurate within the 0.2 °C. We want to accept the null hypothesis in
this case.
Sample size: 5

The equipment required for this test is the temperature probe, infrared temperature radar gun, and
glasses of ice water and boiling water. All team members will perform this testing in building
192, room 330, on January 27, 2022. If the temperature probe is not accurate to within 0.1℃, we
will consider changing the customer specifications to be accurate to within 0.5 ℃ and account for
this in our COMSOL model.
Protocol:
1. Connect only the temperature sensor to the control system
2. Fill a glass with ice cold water
3. Fill a glass with boiling water
4. Dip the temperature sensor near the surface of the water and record the temperature
5. Repeat step 4-5 times.
6. Perform t-tests and obtain p-value
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Specification #6 Testing: Duration of heating
DOE
●
●
●
●

Null hypothesis: The heaters will not reach temperatures above 300℉ while resting
setpoint value.
Type of test: Observational
Experimental groups: Heater temperature, time
Expected outcome: The test should show that the heaters don’t reach a temperature of
above 300℉ (148 ˚C) during heating. The heaters may fail at 338℉, so it is important that
they stay below this temperature.

The equipment required for this test is the assembled chamber with the heating control system
and temperature sensor, the infrared temperature gun, and a timer. The test will be done by all
team members on February 10, 2022 in building 192, room 330. If the desired outcome is not
obtained, we will consider altering the cycle time of the heaters so they can cool in between
cycles and dissipate the heat to the aluminum.
Protocol
1. Stick the heaters on the aluminum base of the chamber assembly. Place it on a stand
without the silicon base, allowing access to the heaters.
2. Connect the sensor to the heating control system.
3. Turn on the heating system and turn the set-point temperature to 37℃.
4. Using the infrared temperature radar, measure the temperature of one heater every 15
seconds until it reaches 37 ˚C.
5. Record the data.

Material Testing: Material does not crack, deform, or fog after 6 hours of exposure to temperatures up to
50°C.
The materials required for this test include scrap pieces of polysulfone and glass (from prototype
manufacturing) epoxy (from prototype manufacturing), stopwatch, and a toaster oven.
Protocol
1.
2.
3.
4.
5.
6.

Obtain a scrap/excess rectangular piece of polysulfone and an analogous piece of glass
from the manufacturing of the prototype.
Seal scrap pieces together in an L-shape with the epoxy used to connect polysulfone and
glass for the incubation chamber. Allow to set as needed.
Place assembly in the toaster oven set to approximately 50°C. Start a stopwatch.
After an hour has elapsed, open the toaster oven and briefly inspect assembly for cracks,
degradation, and other signs of damage. Record any that are found.
Replace assembly in toaster oven.
Repeat steps 4 and 5 until 6 total hours have elapsed.
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Material Testing: Body of enclosure withstands regular cleaning with 70% isopropyl alcohol solution and
periodic sterilization in an autoclave.
The materials required for this test include scrap pieces of polysulfone and glass (from prototype
manufacturing), epoxy (from prototype manufacturing), 70% isopropyl alcohol solution, and the
autoclave.
Protocol
1. Obtain a scrap/excess rectangular piece of polysulfone and an analogous piece of glass
from the manufacturing of the prototype.
2. Seal scrap pieces together in an L-shape with the epoxy used to connect polysulfone and
glass for the incubation chamber. Allow to set as needed.
3. Submerge assembly in 70% isopropyl alcohol solution for 1 week.
4. Remove assembly from solution and dry.
5. Visually inspect for cracks, degradation, and other signs of damage. Record any that are
found.
6. If none are found, place the assembly in an autoclave and cycle once.
7. Repeat step 5.
Test Plan Network Diagram
The live cell imaging heat control team and gas control team worked in conjunction to create a test plan
network diagram. Because the prototype is shared between the groups, our group worked with the gas
control group to ensure that we split our time using the device, so each team had sufficient time to
conduct testing.
The task, duration, personnel, equipment, materials, and time for each aspect of testing can be found in
Table 11, with the corresponding network diagram in Figure 11.

Table 11. Test plan with dates, plans, and resources necessary for each testing task.
Legend: Chamber testing [green], heated stage testing [orange], gas control testing [blue]
Duration

Start
Date

End
Date

Task #

Task

Location

1

Cleaning test with
submerged silicone sealant,
polysulfone, glass in IPA for
1 week
7 days

1/25/20 2/1/202
22
2
192-330

2

Toaster oven durability test
with silicone sealant,
polysulfone, and glass
6 hours

1/25/20 1/25/20 Brady's
22
22
Home

Personnel

Abby

Brady

Equipment

Materials

Time

Container

70% IPA, polysulfone,
silicone, glass, silicone
sealant combined test scraps N/A

Toaster Oven

polysulfone, silicone, glass,
silicone sealant combined
test scraps

2-8PM

45

3

Autoclave durability test
with silicone sealant,
polysulfone, glass, silicone 3 hours

1/25/20 1/25/20
22
22
192-328

Elsa

Autoclave

polysulfone, silicone, glass,
silicone sealant combined
test scraps

Olympus
Microscope,
Computer,
Matlab,
Calipers

Completed assembled
chamber

8-11AM

4-8PM

4

Relative Focus Testing and
Compressor Restriction
Testing
4 hours

1/26/20 1/26/20
22
22
38-134

Elsa

5

COMSOL heating
simulation

1/26/20 2/8/202
22
2
192-329

Computer,
Simon, Anna COMSOL

N/A

ice water, hot water, beakers 12-3PM

14 days

6

Test accuracy of RTD sensor 3 hours

1/27/20 1/27/20
22
22
192-329

RTD sensor,
heating
controll
Simon, Anna, system, temp
Kerri
radar gun

7

System establishes 5%
within 5 minutes of
powering on

0.25 hours

1/27/20 1/27/20
22
22
38-134

Brady, Elsa,
Abby

CO2 Gas
Cylinder

Assembled chamber and gas 12-12:15P
control
M

8

System reestablishes 5%
within 2 minutes of top
removal

0.25 hours

1/27/20 1/27/20
22
22
38-134

Brady, Elsa,
Abby

CO2 Gas
Cylinder

Assembled chamber and gas 12:15-12:30
control
PM

9

TRIAL 1: Initialization test,
CO2 maintenance after gas
input is stopped, CO2 output
update for 10 seconds
3.5 hours

1/27/20 1/27/20
22
22
38-134

Brady, Elsa,
Abby

CO2 Gas
Cylinder

Assembled chamber and gas
control
12:30-4PM

10

Determine optimal heating
cycle time with PID control 3 hours

2/1/202 2/1/202
2
2
192-330

Anna, Simon, Temperature
Kerri
radar gun

Assembled chamber and heat
control
12-3PM

11

System establishes 5%
within 5 minutes of
powering on

0.25 hours

2/1/202 2/1/202
2
2
38-134

Brady, Elsa,
Abby

CO2 Gas
Cylinder

Assembled chamber and gas 12-12:15P
control
M

12

System reestablishes 5%
within 2 minutes of top
removal

0.25 hours

2/1/202 2/1/202
2
2
38-134

Brady, Elsa,
Abby

CO2 Gas
Cylinder

Assembled chamber and gas 12:15-12:30
control
PM

13

TRIAL 2: Initialization test,
CO2 maintenance after gas
input is stopped, CO2 output
update for 10 seconds
3.5 hours

2/1/202 2/1/202
2
2
38-134

Brady, Elsa,
Abby

CO2 Gas
Cylinder

Assembled chamber and gas
control
12:30-4PM

14

System establishes 5%
within 5 minutes of
powering on

0.25 hours

2/3/202 2/3/202
2
2
38-134

Brady, Elsa,
Abby

CO2 Gas
Cylinder

Assembled chamber and gas 12-12:15P
control
M

15

System reestablishes 5%
within 2 minutes of top
removal

0.25 hours

2/3/202 2/3/202
2
2
38-134

Brady, Elsa,
Abby

CO2 Gas
Cylinder

Assembled chamber and gas 12:15-12:30
control
PM

46

16

TRIAL 3: Initialization test,
CO2 maintenance after gas
input is stopped, CO2 output
update for 10 seconds
3.5 hours

2/3/202 2/3/202
2
2
38-134

Brady, Elsa,
Abby

17

Test heaters for 3-4 hours to
ensure proper function over
long usage
4 hours

2/8/202 2/8/202
2
2
192-329

Anna, Simon, Temperature
Kerri
radar gun

18

System weight, internal
volume, external volume,

2/8/202 2/8/202
2
2
192-330

Digital scale,
tape measure

Completed chamber

12-1PM

19

User Testing: Number of
questions and number of
actions to initialize the
system

3 hours

2/8/202 2/8/202
2
2
38-134

Olympus
Microscope,
CO2 Gas
Cylinder

Chamber, gas control, and
heat control

1-4PM

20

Determine accuracy of
COMSOL model

3 hours

2/10/20 2/10/20
22
22
192-329

Anna, Simon, Temperature
Kerri
radar gun

Assembled chamber and heat
control
9AM-12PM

21

Initialization testing

1 hour

2/15/20 2/15/20
22
22
192-329

Anna, Simon, Temperature
Kerri
radar gun

Assembled chamber and heat 11AM-12P
control
M

22

System established 5%
within 5 minutes of power
on (7) and System
reestablished 5% within 2
minutes of top removal (7)

23

Test that temperature
variation at the sample does
not differ beyond tolerance
from setpoint
3 hours

1 hour

4 hours

CO2 Gas
Cylinder

Olympus
Microscope,
CO2 Gas
Cylinder

2/15/20 2/15/20
22
22
38-134

Brady, Elsa,
Abby

2/17/20 2/17/20
22
22
192-329

Anna, Simon, Temperature
Kerri
radar gun

Assembled chamber and gas
control
12:30-4PM

Assembled chamber and heat
control
12-4PM

Chamber, gas control, and
heat control

12-4PM

Assembled chamber and heat 12-3PM
control
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Figure 11. Network diagram for all testing tasks from January 25, 2022 to February 24, 2022. All
numbers correspond with tasks identified in Table 11.
Testing Data and Analysis
Test for accuracy of COMSOL model
Data
This testing was performed on February 17, 2022 from 2:40pm to 3:30pm in room 192-32.
*Note: Raw data from COMSOL accuracy testing can be found in the Appendix Table I and J.
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Figure 12. Testing for accuracy of the COMSOL model at two locations - the top glass surface
and the sensor wall. *p<0.5

Analysis
Null hypothesis states that there is no difference between the COMSOL model and physical
measurements. Analysis for Top Glass and Sensor Wall produced p-values of less than 0.05
causing us to reject the null hypothesis. This causes us to reject our null hypothesis and adopt our
alternate hypothesis. This means that the COMSOL model is not accurate. We decided to use
another method to calibrate our sensor to match the sample temperature.

Table 12. One-sample, two-tailed t-test at the top glass location, comparing COMSOL and
physical measurements
Temperature (degrees C)
Mean

32.632

Variation

1.847

T-value

48.61

df

33

P(T<=t) two-tail

0.000
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Table 13. One-sample t-test at the sensor wall location, comparing COMSOL and physical
measurements
Temperature (degrees C)
Mean

42.821

Variation

1.083

T-value

120.59

df

33

P(T<=t) two-tail

0.000

Specification #1 Testing: Sample temperature variation from setpoint
Data
This test was performed on March 3, 2022 from 12:00pm to 2:00pm in room 38-134.
*Note: Raw data from sample temperature variation testing can be found in the Appendix Table
E.

Figure 13. Average temperature of the perceived value, measured by the probe, and temperature
of the sample vessel, measured by the infrared thermometer.
Analysis
The first test compares the perceived temperature value recorded by the probe and the sample
temperature obtained with the infrared thermometer at that same point in time. The results of a
t-test, comparing these means shows no significant difference between the two, as indicated by a
p-value of 0.2924, much greater than 0.05. This is shown in Table 14. Because of this we can
accept our null hypothesis that there is no significant difference between the perceived value and
the sample temperature.
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Table 14. Results of a one-sample, one-tailed t-test comparing the means of the perceived value
and sample temperatures.
Perceived Value

Sample Temperature

Mean

37.036

36.704

Variance

0.0124

0.5779

Observations

25

25

Hypothesized Mean
Difference

0.5

P(T<=t) two-tail

0.292427649

A second t-test was performed to compare the average difference of the sample temperature to the
constant setpoint value. While the mean difference was slightly greater than the ideal tolerance of
0.5˚C, variation in these measurements resulted in no significant difference. Because of this we
did meet our optimal specification for temperature variation.
Table 15. Results of a one-sample, one-tailed t-test comparing the means of the perceived value
and sample temperatures.
Sample temperature difference from setpoint
Mean

0.63333333

Variance

0.20606061

Observations

25

Hypothesized Mean
Difference

0.5

P(T<=t) two-tail

0.33077597

With a sample size of 25 and the means and variances shown in the tables above, we obtained
powers of about 80% for both the sample temperature difference from the perceived value of the
probe and the setpoint value of 37˚C.

Specification #2 Testing: Total size of chamber
Data
This test was performed on February 10, 2022 from 12:15pm to 12:30pm in room 192-29.
Table 16. Total size of chamber.
Dimension

Length (mm)
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Chamber External

Chamber Internal

Imaging Area

Glass Area

Length

250

Width

183

Length

219

Width

154

Length

125

Width

80

Length

152

Width

106

The system weighs 7.2 lbs.
Results
The chamber meets the expected size and weight specifications.
Specification #3: Time to heat up
Data
This test was performed at various times between the dates of February 10, 2022 and March 1,
2022, in rooms 192-329 and 38-134.
*Note: Raw data from time to heat up testing can be found in the Table L in the Appendix

Figure 14. Temperature over time while the chamber heats up and maintains temperature. The
graph shows the small overshoot, which was 0.4˚ C at the most.
Analysis
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The null hypothesis states that the time required for the chamber to heat up to the set temperature
does not exceed twenty minutes. A one-sample t-test comparing the heat-up times to our expected
value produced a p-value of .908 which is above 0.05, allowing us to accept our null hypothesis.
This affirms that the time to heat up to the setpoint meets our specification of 20 minutes.
Table 17. Results from a one-sample, one-tailed t-test comparing mean time to heat up to limit.
Time (min)
Mean

18.34

Variance

0.0003

df

7

T-value

-1.48

P(T<=t) one-tail

0.908

Time to reheat after perturbation
Data
This test was performed on February 17, 2022 from 1:20pm to 3:30pm in room 192-29.
*Note: Raw data from perturbation testing can be found in the Appendix Table G.

Figure 15. Testing for time to return to set point temperature after perturbation.
The average time to return to 37˚C was 1 minute and 22 seconds when the lid was taken off
between 1-60 seconds. Users should not remove the lid for more than 60 seconds (this is specified
in the user manual). If a user needs to perform altercations to the sample for more than 60
seconds, they will be instructed to place the lid back on.
Analysis
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The linear regression of the time to reheat and the perturbation time produced an r-squared value
of 0.907, indicating there is a strong linear correlation between the two factors. A line-fit equation
revealed a slope of about positive 2, which affirms that leaving the lid off for 1 minute will not
cause the device to take more than 5 minutes to reheat. This is further affirmed in the data, where
the device took 2 minutes to reheat after the lid was removed for one minute. We can accept the
null hypothesis in this case.
Specification #4 Testing: Degree of focus
Data
This test was performed on February 27, 2022 in room 38-134 using the Olympus inverted
fluorescent microscope.
*Note: Raw data from the transmittance testing can be found in the Appendix Table K and L
along with the MATLAB code used to determine clarity and all of the raw images with their
relative degree of focus.
Table 18. Relative degree of focus present as a mean+SE. Images were taken with and without the
chamber apparatus at both 4x and 10x magnifications.
Image Type

Clarity (%)

4x Control

18.82 ± 0.17

4x Chamber

21.06 ± 0.25

10x Control

18.24 ± 0.092

10x Chamber

17.75 ± 0.29

Figure 16. Images of GFP-3T3s taken at 4x. (A) An image taken of cells without the chamber
with 18.43%. (B) An image taken of cells with the chamber with 22.69% cofus. Percent focus is
determined by fmeasure in MATLAB code seen in the Appendix.
Analysis
Statistical significance between chamber and control groups for each magnification was
determined through a two-sample t-test. There was not a significant difference between images
taken with and without the chamber at 10x magnification (p=0.127). However, the images taken
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with and without the chamber at 4x magnification were statistically significant (p<0.05). The
mean value for all groups is displayed in Table 18.
Although, significance was detected, the images seen in Figure 16 show the clarity of an image
without the chamber in #A and with the chamber in #B. When visually observed, the user could
not tell a difference between the focus, specifically as the user used coarse focus before obtaining
each photo. Overall, this test shows us that the glass in the chamber does not cause inhibition of
in focus images as there was no difference seen at 10x.
Live cell imaging testing
Data
This test was performed on March 1, 2022 in room 38-134 using the Olympus inverted
fluorescent microscope.

Figure 17. Images were taken at 10x of both the flask in the chamber and the flask outside of the
chamber with a phase contrast microscope. (A) Chamber flask before addition to the chamber. (B)
Chamber flask after being in the operating Live Cell Imaging device for 3 hours. (C) Control
flask before the testing. (D) Control flask after the testing.
Table 19. Number of circular cells counted before and after a three hour test of the combined Live
Cell Imaging device with two flasks, one in the device and one outside of the device.
Circular Cells Before

Circular Cells After

Chamber

194

211

Control

219

361

Analysis
The combined subsystems of Gas Control and Heated Stage were tested together with a live
sample of 3T3 fibroblasts in the chamber. During the 3 hour period, another flask of cells was

55

outside of the chamber in ambient air conditions. Flasks were imaged before and after imaging to
determine if cell death occurred outside or inside the chamber (Figure 17).
Visually, the control flask after imaging appears to have more circular cells. This is indicative of
cell death, where the cells become unadhered to the flask and float in the cell media. An analysis
via ImageJ shows that there were more circular cells with circularity 0.75-1.0 in the control after
testing compared to the chamber after (Table 19).
The control flask without CO2 and heat regulation had 361 circular cells compared to the chamber
flask within the device with 211 circular cells. Overall, this test showed that the Live Cell
Imaging Device does keep cells in an optimal condition for survival in comparison to the ambient
room such that cells are able to stay alive.

Specification #5 Testing: Accuracy of temperature probe
Data
This test was performed on February 8, 2022 from 12:45pm - 1:45pm in room 192-28.
*Note: Raw data from temperature probe accuracy testing can be found in the Appendix Table H.

Figure 18. Testing for accuracy of the temperature probe.
Analysis
The temperature data obtained from the sensor when placed in boiling water was analyzed in
excel using a one-sample t-test. The null hypothesis we were testing stated that the temperature
probe was accurate to within 0.2 degrees C. A p-value of 0.74641 was obtained in the analysis, as
seen in Table 20, indicating we can accept the null hypothesis that the temperature sensor is
accurate to within 0.2 degrees C. A power analysis of this data reveals that we obtained a power
of over 99%, so we can be confident in this data.
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Table 20. One-sample, two-tailed t-test of temperature difference
Difference (degrees C)
Mean

0.18148

Variance

0.01761

Observations

5

Hypothesized Mean

0.2

df

4

P(T<=t) two-tail

0.74641

Specification #6 Testing: Duration of Heating
Data
This testing was performed on February 10, 2022 from 12:55pm to 1:10pm in room 192-32.
*Note: Raw data for duration of heating test can be seen in the Appendix Table F.

Figure 19. Duration of heating data generated every 15 seconds until the system reached 37˚C to
ensure the heaters did not exceed 148 ˚C (300 ˚F).
Results
When placed on the aluminum base of the chamber, the heaters did not reach a temperature above
148˚C, which is below their failure point of 170˚C. During use, the heaters will not need to heat
up beyond this temperature because the chamber reached the setpoint value of 37˚C while the
57

heaters were below their maximum. After tuning the PID, once the chamber nears the setpoint,
the system will turn the heaters on and off to avoid overshooting the temperature, and therefore
the heaters will cool down between each cycle.

Material Testing: Material does not crack, deform, or fog after 6 hours of exposure to temperatures up to
50°C.
Results
After following protocols to test the material for 6 hours in temperatures up to 50˚C, there was no
change in the material. There were no cracks, deformations, or fog on the material. When held,
the polysulfone was not hot, but the aluminum and glass were warm. See Figure 20 for samples
after they have been removed from the toaster oven.

(A)

(B)

Figure 20. (A)Material testing samples in the toaster oven. (B) Material testing samples after they
have been removed from the oven showing no deformation.
Analysis
The material durability testing of heat over time met our specifications. Our team defined passing
as the material resisting all cracking, deformation, and fogging after 6 hours of exposure to
temperatures up to 50˚C which the material did.
Material Testing: Body of enclosure withstands regular cleaning with 70% isopropyl alcohol solution and
periodic sterilization in an autoclave.
Results
After following protocols to test if the material could withstand regular cleaning with a 70%
isopropyl alcohol solution we found that the silione, aluminum, and polysulfone kept their
physical properties. There was a slight reaction on the aluminum as seen in Figure 21. The
silicone sealant was broken down enough to have the pieces come apart by the isopropyl after
being submerged for 7 days, but the silicone sealant did not break down completely.
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(A)

(B)

Figure 21. Material testing samples after they have been in the 70% isopropyl alcohol solution
for 7 days. (A) Slight corrosion of aluminum after material testing. (B) Silicone glue came apart
from the glass and the aluminum, but stuck to the silicone.
Autoclave sterilization, which will be done periodically, showed that the silicone, aluminum, and
polysulfone did not deform during the autoclave process. Immediately after the samples had been
removed from the autoclave the silicone glue was hot enough to pull apart the silicone pad from
the polysulfone, see Figure 22. After letting the samples sit and cool for a few minutes, the
silicone was no longer able to be pulled apart from the other materials because the glue had
regained its mechanical strength.

(A)

(B)
Figure 22. Material testing samples after they had undergone the autoclave sterilization
process.(A) Samples in sterile packaging. (B) Sample demonstrating that when at high
temperatures, the silicone glue can be affected.

Analysis
The material testing of 70% isopropyl alcohol solution and autoclave sterilization passed our
specifications. Even though there was slight corrosion and silicone glue degradation when
submerged in the isopropyl, it was not drastic enough to affect the functionality of the device. If
there is degradation over the many years of isopropyl exposure equivalence, users would be able
to apply a new coat of silicone glue. The outcome of the autoclave has actually been noted as a
good way to potentially modify the device in the future. For instance, if the glass needs to be
replaced because it has been scratched, the device could be put in the autoclave so that the old
glass could be removed easily.
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Conclusion
The goal of this project was to design a chamber that fits on the stage of the Olympus IX73P2F inverted
fluorescent microscope and maintains cell samples at 37 degrees C for the duration of imaging, up to 8
hours. Our team began the design process by obtaining a list of customer requirements through interviews
and surveys with our sponsor and student researchers. We then transformed these requirements into
engineering specifications that could be verified through testing. To develop the design of our device we
completed a lengthy, iterative design process to ensure our idea would be well thought out before
beginning manufacturing. We created 3D models out of cardboard to test the validity of our initial designs
and used the information we gathered from the model to improve and alter subsequent designs. After
initially brainstorming ideas and completing a morphology within our own team, we began collaborating
with the gas control team to ensure the design allowed both their gas system and our heating system to
work together in the same space with proper inputs and size constraints.
A major constraint on the material selection for our chamber was sterilizability because the whole
chamber must be able to be autoclaved and cleaned with 70% isopropyl alcohol. This meant that all
heating and gas elements must be detachable from the main chamber since they can not withstand such
cleaning processes without damage. The final design consisted of an aluminum base to conduct heat from
direct contact with the heaters, a glass top and bottom to allow light to come through and imaging to be
done, and polysulfone walls and lid to provide insulation and structure to the chamber. Aluminum was
chosen due to its low weight, cost, and ability to conduct heat well. Glass was chosen over acrylic due to
its superior clarity and durability in high heat. Polysulfone was chosen for its ability to withstand heat as
well as its capacity to be autoclaved and cleaned with isopropyl alcohol. Manufacturing was completed in
the Cal Poly machine shops during the first half of the winter quarter.
One problem we encountered was the very specific focal distance of the objective lens, which allowed us
minimum height to play with in our design. If samples are located beyond a few millimeters from the
lens, the user cannot bring them into focus. Because of this we could not use the current sample inserts
due to the added height. We needed to avoid placing the samples directly on the heated surface which
could damage them. To prevent this while maintaining minimal addition to the height above the objective,
we decided on securing the glass bottom to the aluminum base with a layer of insulating silicon sealant in
between.
For the heating system, we decided to use a PID controller for the main user interface and system control.
This type of control, standing for Proportional Integral Derivative control, uses the summation of three
equations which take the temperature reading from the sensor as an input and calculate the output power
to the heaters. The goal of using this type of control system was to allow the chamber to reach the desired
temperature as quickly as possible without too much overshoot. By choosing a setpoint and autotuning the
PID controller, we were able to heat the chamber to the setpoint without any overshoot or significant
cyclical change over time. An alternative method of control could have been simple ON/OFF control,
which would turn the heaters on until the setpoint was reached and then turn them off. Once the system
would fall back below the setpoint, the heaters would turn on again. This would introduce cyclical heating
around the setpoint rather than slowing down the heat input before the system reached the setpoint.
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However, after initial testing it was clear that the chamber holds the heat well and does not quickly cool
down. This made it even more important to avoid overshooting because it would take much longer to fall
to the setpoint, risking cell damage.
The heaters we chose were thin, flexible polyimide heaters that provide 30 W of power. We used multiple
heaters to cover the base of the chamber as best as possible. While this caused our design to contain many
wires and require careful routing of the wires around the base of the chamber, it saved significant costs
associated with the purchase of a custom heating base. One quote estimated such a custom base to be
around $1500. Because the heaters introduced too large a load for the controller to handle on its own, we
included an electromagnetic power relay in the circuit to turn on and off the heaters. A power supply also
was added to provide power to the heaters and relay. A pt100 RTD sensor was chosen due to its accuracy
with small changes in temperature. The PID controller uses feedback from the RTD to adjust the amount
of time that the heaters are on for, minimizing the time as the temperature reaches the setpoint while
heating up to prevent overshoot. Ultimately this design allowed the temperature of the chamber to stay
within our specified temperature variation from the setpoint over time.
In our situation an indirect temperature reading was preferable because placing a probe directly on the
sample could cause sanitization issues and depend on varying culture dish sizes. We chose to locate the
temperature sensor off to the side of the chamber. Initially, we predicted that this spatial difference
between the sensor and sample locations would require offsetting the perceived value on the controller.
We planned to determine this temperature difference by creating a COMSOL model simulation and
relating the temperature of the two points. Unfortunately, after comparing the physical temperatures of
our chamber with the expected values obtained in COMSOL, we concluded that the model was not
accurate. Our new plan for relating the temperature of these two points was to physically measure the
temperature at the sample location and obtain the average difference from the sensor readout.
After performing this test with various culture vessels and items at the sample location, we obtained two
different average temperature differences of about 4.0˚C. However, these tests were all performed with
the chamber sitting on a solid surface, and when we tested it on the stage this difference was no longer
accurate. The sample dish actually matched what our controller’s perceived value of the air temperature in
the chamber was. We discovered that when the chamber sits on the stage, air is able to circulate
underneath and quickly cool down the glass. Once the chamber has reached the setpoint, the heaters only
turn on intermittently and the glass is able to cool down to the setpoint within 4 minutes. The heat inside
likely evens out and because the chamber insulates so well, all points are nearly even in temperature.
Advantageously, this meant that no offset was required: the temperature read by the sensor is the
temperature of the sample to within half a degree C.
To affirm our specifications were met, we performed various tests. To check the temperature variation we
obtained repeated measurements of the sample temperature using an infrared thermometer and compared
these values both to the perceived value and the setpoint. We also tested the time to heat up from room
temperature, which was within our specifications, though on the high end. Perturbation testing revealed a
linear increase in the time to reheat with the time the lid was off. The heaters did not reach temperatures
above their limit in duration testing, meeting our specification. Material testing showed that our chamber
can withstand high temperatures and sterilization without significant damage. Clarity testing showed that
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our device can be used to image samples at 10X at our desired clarity, but not at 4X. Lastly, after
performing combined testing with the gas control we analyzed cell samples that were left out on the
counter compared to those in the chamber over 3 hours. These images showed less cell death in the
samples that were in the device, as expected.
Our device did not meet requirements in a couple areas. The silicone base was intended to insulate the
microscope stage from the heaters, and while the heaters are located on top of the silicone and in direct
contact with the aluminum base, the stage still reaches significant temperatures above 50˚C while the
device heats up. The increased temperature is contained to the stage directly below the chamber and does
not heat up the whole microscope, so it does not impose significant risk to the user or microscope. The
only risk arises if the user touches the inside base of the stage below the chamber, which is an unlikely
place to access, but will be included in the hazards list. Lastly, we did not account for the removal of the
premade stage insert, which we had intended our silicone heater base to sit on. Because the silicone is
very flexible, without the insert there is nothing to hold up the inside edges of the heaters and maintain
their contact with the aluminum base. For now the user will need to leave the insert in which limits the
sample area that can be imaged. The following discussion addresses ways to mitigate these problems and
risks with future design adaptations that are beyond our current budget and time constraints.

Discussion
As mentioned in the concluding section of this report, our device did not meet customer requirements in a
few areas. Although these issues do not affect the overall functionality of the device, they do introduce
limitations that could be mitigated given the appropriate resources. All of these modifications would
improve the device, but the overall usability of the chamber is already present. Many decisions that our
team made were driven by the limitations for our design, manufacturing, and testing. Two of the largest
limitations that impacted our entire project were money and time. Our design was largely limited by the
physical characteristics of the microscope as well as the time our team had to run through iterations of
models before selecting the final model. The design of the model also had to take into account the budget
our team was given to complete this project. With a higher budget we would have been able to purchase
items (such as a custom heating pad) that would improve the overall ease of use of the device. During
manufacturing our team was also limited by the amount of time we had to create the device. Due to
COVID restrictions our team lost ⅓ of our manufacturing time which forced us to manufacture without
practicing as much as we would have liked. Because our testing proved functionality of the device we
were able to successfully finish the project within the allotted time, however discoveries made during our
testing process that we believe could improve the device were not implemented because of the time and
budgetary constraints.
The requirement of maximum time for the chamber to heat up was originally set for 10 minutes plus a
tolerance of 10 minutes (total of 20 minutes). Our time to heat up is approximately 18 minutes and 15
seconds, which is within the specification, but definitely on the higher end. In order to decrease the time
to heat up, the PID controller could be retuned to heat faster by allowing for the system to overshoot the
setpoint value. Our team chose to keep the initialization time higher and by not allowing for overshoot
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because we wanted to keep the temperature of the heaters and ultimately the temperature of the glass
lower in order to ensure there is no overheating of the cells.
Our specification regarding image clarity, or transmissivity, was that the material allows for captured
images to be within 20% of the maximum relative degree of focus obtained without use of the enclosure.
When imaged, the 10x images showed 18.43% difference and when imaged at 4x, the images showed
22.69% difference. Our team accepted those differences and do not believe that the chamber is impeding
image quality, but rather the imaging technique was off during the 4x imaging process. Because it was
possible to get images with sufficient clarity at a higher magnification, there should not be an issue
imaging at a lower magnification. Furthermore, the images are visually clear, the user could not tell a
difference between the focus, specifically as the user used coarse focus before obtaining each photo. Our
team concluded that although the 4x imaging did not meet our specifications, the chamber did not impede
the imaging process.
The last major issue of our design is that we did not account for the premade stage insert to be removed
during imaging. If this premade insert is removed, our heating pad has nothing to support it from the
bottom so the heaters will not be in contact with the aluminum base (see Figure 23). This will not only fail
to heat up the chamber, but if the heaters are not in direct contact with the aluminum, they will be unable
to correctly dissipate the heat and the heaters themselves could burn up. As of right now, the only solution
is to keep the stage insert attached to the microscope. This introduces limitations in the total area that can
be imaged for the 16 well plate samples. Even when moving the sample within the chamber, the well
plates on the corners cannot be fully imaged because the stage insert viewing area is too small. The
chamber can fully image multiple other culture vessels including chamber slides, petri dishes, well plates,
and culture flasks. A solution to this problem would be to design and manufacture thin pieces of
aluminum that would sit on the microscope stage and hold up the heaters without affecting the imaging
area. The dimensions of the “slats” would be the same as the premade stage insert, but it would just have
a larger hole in the middle.

Figure 23. Current premade stage insert taken off of the stage.
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As this project comes to an end, our team has a few other small design modifications that we would
implement given the time and monetary resources. First, our team believes that better insulation of the
glass from the aluminum base would allow for more even heating of samples in the vertical direction.
Because the glass gets warm, the bottom of the vessels will be slightly warmer than the top until
equilibrium is reached. Although this difference is small, it could be mitigated with a thicker layer of
silicone glue (or another, more effective insulating glue) or even potentially a layer of silicone material
between the glass and the aluminum. Another modification, if the chamber is being frequently used and
the budget for the device is increased, would be to purchase a custom heater that would allow for the
heating pad to have a single input wire. This would make the set up of the chamber simpler for the user.
Next, at this point in time, microscope slides are to be placed directly on the glass which allows them to
heat up slightly more than the vessels (which have a 0.5mm lip on the bottom). If the glass is better
insulted this would no longer be a problem, but since it currently is not, a solution to this problem would
be to 3D print holders for the microscope slides that have a 0.5mm lip on the bottom to separate the
microscope slides from the glass. Lastly, a major design change that could mitigate potential hazard
would be to redesign the chamber so that the aluminum base was enclosed in the polysulfone. By
allowing the polysulfone to cover the edges of the aluminum, users would be unable to potentially burn
themselves on the hot aluminum. This design change would be major and would require the device to be
almost completely remanufactured, so our team opted to provide heat protectant gloves for the user and
warning signs in the operations manual instead.
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Appendix
Table A. Bill of Materials
Item
Number Part Number Quantity Name

Material

Source
McMaster Carr
McMaster Carr

89155K11

1

Heat plate

6061
Aluminum

86735K31

1

Polysulfone sheet

Polysulfone

2.1

1

Chamber top

Polysulfone

2.2

1

Chamber left side

Polysulfone

2.3

1

Chamber right side

Polysulfone

2.4

2

Chamber side

Polysulfone
316 Stainless
Steel

McMaster Carr
McMaster Carr

1
2

3

93395A261

8

18 mm M4 Screws

4

97163A152

4

303 Stainless
M4 Tapered Heat Set Inserts Steel

5

B08974SQ74 2

Glass Inserts

Amazon (Langdon
Tempered Glass House)

6

6937T92

Silicone Sealant

Silicone

McMaster Carr

Silicone Sheet

Silicone

Amazon (Small
Parts)

7.1

Silicone Base

Silicone

7.2

Silicone Gasket

Silicone
18-8 Stainless
Steel

7

5S-062-12

2
2

8

92558A130

4

16 mm M4 Thumb Screws

9

23MG87

1

APC Inline Insert, Male 1/4"
NPT
Acetal

10

403325

1

1/4" NPT RTD Temperature 316L Stainless
Probe
Steel
Automation24

11

CAS25015

1

15 psi 1/4" NPT Pressure
Relief Valve

Brass

Compressor Source

12

6802K22

1

Teflon Tape

PTFE

McMaster Carr

1

SprintIR®-6S 20% CO2
Sensor

NDIR LED

CO2 Meter

13

GC-0029

McMaster Carr
Grainger
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14
14.1

1

PLA Filament

1

CO2 Sensor Housing

McMaster
Pre-owned

PLA

15

8054T15

1

Stranded 18 Wire Gauge, 25
ft
Copper

16

N/A

1

Solder

2

12V 7W Flexible Heater, 25
mm by 50 mm
Polyimide

Amazon (Icstation)

988804

4

24V 30W Flexible Heater, 45
mm by 100 mm
Polyimide

Amazon (Icstation)

18

N/A

1

Heat Shrink

Plastic

Pre-owned

19

a14140100ux
0292
18

Fork Spade Terminal Wire
Connector

Metal, Plastic

Amazon (uxcell)

20

MP-T003-11121
2

8 Position Terminal Block &
Strips
Brass, Plastic

Amazon
(MILAPEAK)

21

Y2JN-LY

1

Electromagnetic Power
Relay 24V

Amazon (Vamrone)

22

4328506385

1

24V 15A DC Power Supply Metal

Amazon (Alitove)

17.1
17.2

988704

Lead-free

Metal, Plastic

23

404734

1

PID Temperature Controller Plastic, Metal

Automation24
(NOVUS)

24

70355K107

2

Power Cord

Copper

McMaster

25

100160

1

Sensor Cable

PUR

Automation24

Table B. Subassemblies for Chamber (SA1-2) and Heating (SA3)
Subassembly Identifier
Subassembly Name Item # Item Name
SA1

SA2

Chamber Walls

Chamber

2.2

Chamber Left Side

2.3

Chamber Right Side

2.4

Chamber Sides

3

18 mm M4 Screws

1

Heat Plate

2.1

Chamber Top

2.2

Chamber Left Side

2.3

Chamber Right Side

2.4

Chamber Sides
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SA3

Heater with soldered
and crimped wires

3

18 mm M4 Screws

8

16 mm M4 Thumb Screws

17.1
17.2

12V 7W Heater (2), 25 mm by 50 mm
24V 30W Heater (4), 45 mm by 100 mm
Wires

16

Solder

18

Heat shrink

Table C. MPI for Chamber (steps 1-25) and Heating System and Control (steps 25-33)

Step # Item # Name

Tools

Description

1

1

Heat Plate

Water jet

Cut aluminum into 184mm x 250mm, cut a
83mm x 128mm rectangle as shown in Figure
25. Holes will be piloted by the water jet.

2

2

Polysulfone Sheet

Water jet

Cut polysulfone out of the 12" by 24" sheet
according to Figure 26. Smaller holes will be
piloted by the water jet.

3

1

Heat Plate

Mill

Use a 1/2" end mill to create a 1.8 mm recess
around the center cut rectangle to a 6 mm width.

4

1

Heat Plate

Mill

Use a 1/4" end mill to cut into the corner of the
1.8 mm cut in order to create a dogbone shape
shown in Figure 13.

5

2.1 Chamber Top

Mill

Use a 1/2" end mill to create a 1.8 mm recess
around the center cut rectangle to a 6mm width.

6

2.1 Chamber Top

Mill

Use a 1/4" end mill to cut into the corner of the
1.8 mm cut in order to create a dogbone shape
shown in Figure 21 (Top and bottom pieces,
although different materials maintain the same
dimensions).

7

1

Heat Plate

Drill Press Use an No. 19 drill bit (.1660 in, 4.21 mm) and
drill four clearance holes centered on the four
pilot holes created by the water jet.
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8

1

Heat Plate

9

2.1 Chamber Top

10

2.2 Chamber Left Side

11

2.3 Chamber Right Side

12

2.2 Chamber Left Side

13

Use a 90 degree countersink bit and countersink
all four holes to a depth of 3 mm.

Drill Press Drill four 3.3 mm holes using a 3.3 mm drill bit
on the four pilot holes created by the water jet.
Drill Press, Use an No. 19 drill bit (.1660 in, 4.21 mm) and
Tap Set
drill four clearance holes centered on the two
outermost pilot holes created by the water jet.
Use a 7/16" drill bit and drill holes centered on
the final two pilot holes created by the water jet.
Use a 1/4" NPT tap to tap both holes previously
drilled (7/16").
Drill Press, Use an No. 19 drill bit (.1660 in, 4.21 mm) and
Tap Set
drill four clearance holes centered on the two
outermost pilot holes created by the water jet.
Use a 7/16" drill bit and drill a hole centered on
the final pilot hole created by the water jet. Use
a 1/4" NPT tap to tap the previously drilled hole
(7/16").

Flat Work Temporarily align the front/back sides with the
Surface, left side and right side. Ensure all surfaces are
2.3 Chamber Right Side
Drill Press flush with each other then mark the front/back
pieces through the M4 screw holes. Take the
marked front/back sides and drill a 3.3 mm hole
2.4 Chamber Sides
using a 3.3 mm drill bit to a depth of 14 mm
(four holes total).

2.2 Chamber Left Side
2.3 Chamber Right Side
2.4 Chamber Sides
3

14

Drill Press

18 mm M4 Screws

SA1 Chamber Walls

2.5 mm
Allen
wrench

Assemble chamber front/back sides and the left
and right sides together using the M4 screws and
2.5 mm hex to create the chamber walls
subassembly. Disassemble and reassemble
chamber walls with the front/back sides
switched to verify interchangeability, if not
interchangeable, label the parts.

Sandpaper, Place the lowest grit sandpaper on the table and
Flat Work tape all four sides. Grind the top and bottom of
Surface
the chamber walls subassembly to create a flat
surface for the chamber top and bottom pieces.
Repeat this for each increasing sandpaper grit.
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15

SA1 Chamber Walls
1

Heat Plate

2.1 Chamber Top

16

Drill Press, Temporarily align the chamber wall
Metric Tap subassembly with the heat plate such that all
Set
sides are flush. Mark the chamber wall
subassembly through the four drilled clearance
holes. Repeat by turning over the walls
subassembly and using the chamber top. Use a
No. 2 drill bit and drill four holes on the marked
spots to a depth of 6.5 mm. Turn over the wall
subassembly and use a 3.3 mm drill bit to drill
four holes on the marked spots to a depth of 14
mm. Tap each 3.3 mm holes using the M4 x 0.7
mm tap.

Soldering Heat the soldering iron to 650 -750 F. Ensure the
chamber walls subassembly has the No. 2 drill
iron
bit holes facing upwards (the top). Place a
heat-set insert on top of a hole, place the
soldering iron within the heat set hole and
M4 Tapered Heat Set
slowly press the insert into the hole. Quickly
Inserts
remove the soldering iron once the insert is flush
with the top. Repeat for all four holes.

SA1 Chamber Walls

4

17

5

Glass Inserts

Diamond
glass
cutter, Flat
Work
Surface

Score the 5" x 7" glass to create a 140mm x
95mm rectangle. Place the cuts parallel to a
work surface, hold down one end firmly on the
table and with firm downward movement on the
other end break off the glass
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1

Heat Plate

Weight

Apply a thin layer of silicone sealant to the
recess in the chamber top and place the glass top
within the recess. Place a weight on top of the
entire surface and allow the chamber top with
glass to cure for 24 hours. Repeat with the heat
plate and glass bottom.

Exacto
Knife

Cut the silicone sheet into a 184 mm x 250 mm
rectangle. Cut out four 25 mm squares (7.1
Silicone base). Cut out two 184 mm by 9.525
mm and two 224.6 mm by 9.525 mm. Use the
chamber top to mark where the M4 screws will
pass through the silicone then punch out 4 mm

2.1 Chamber Top

19

5

Glass Inserts

6

Silicone Sealant

7

Silicone Sheet

69

holes using a 4mm biopsy punch (7.2 Silicone
Gasket).
20

1

Heat Plate

6

Silicone Sealant

Weight

Apply a thin layer of silicone sealant to the
chamber top and place the cut four silicone
rectangles, which make up the silicone gasket on
top. Place a surface weight over the entire
surface and leave to cure for 24 hours.

2.5 mm
Allen
wrench

Assemble the heat plate to the chamber walls
subassembly using the 2.5 mm hex. Turn over
the subassembly and using the M4 thumb
screws tighten the pieces together.

--

Apply teflon tape to APC inline insert and screw
into the chamber right side 1/4" NPT tapped
hole. Apply teflon tape to the temperature probe
insert threads and screw into the chamber left
side 1/4" NPT tapped hole closest to the M4
screw. Apply teflon tape to the pressure relief
valve thread and screw into the chamber left
side 1/4" NPT tapped hole next to the
temperature probe insert.

7.2 Silicone Gasket

21

SA1 Chamber Walls
1

Heat Plate

2.1 Chamber Top

22

23

24

3

18 mm M4 Screws

8

16 mm M4 Thumb
Screws

SA2 Chamber
9

APC Inline Insert,
Male 1/4" NPT

10

1/4" NPT RTD
Temperature Probe

11

15 psi 1/4" NPT
Pressure Relief Valve

12

Teflon Tape

SA2 Chamber
13

SprintIR®-6S 20%
CO2 Sensor

14

PLA Filament

SA2 Chamber

Calipers , Measure the inner diameter of the final open
3D Printer hole and measure the diameter of the CO2
and PLA sensor. Determine the difference between the
two and edit the CO2 sensor housing CAD to
ensure the correct thickness. Slice the .stl file of
the CO2 sensor housing and print the file.
--

Place the CO2 sensor in the CO2 sensor housing
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13

SprintIR®-6S 20%
CO2 Sensor

and press into the hole in the chamber
subassembly.

14.1 CO2 Sensor Housing

25

26

27

28

15

Wire

16

Solder

17.1

12V 7W Heater (2),
25 mm by 50 mm

17.2

24V 30W Heater (4),
45 mm by 100 mm

18

Heat Shrink

15

Wire

19

Fork Spade Terminal
Wire Connector

Wire
cutters,
Solder iron,
Crimper

Crimper

Cut 10, 2ft segments of wire. Strip ¼” insulation off
both ends of the wire segments and the ends of the
heater wires. Connect one segment of wire to each
heater wire by twisting the ends together and then
soldering them. Add heat shrink and heat up over a
gas stove flame to shrink it closed over the soldered
ends.

Crimp fork spade terminals onto the ends of all
heater wires, and all wires that connect to the
electromagnetic relay. Reference the wiring
schematic in Figure I.

PhillipsReferencing Figure I, connect all heaters to the
SA3 Heaters with soldered
head screw- terminal blocks. One cord from each heater will go
and crimped wires
driver, flat to a separate terminal block at the same numbered
head
position. Place the spade fork around the slot and
screwdriver screw down. After all wires are connected, place the
20
8 position terminal
strip on top and screw into place.
block and strips
21
22

Electromagnetic power Philipsrelay 24V
head
screwdriver
Power supply 24V 15A
DC

23

PID temperature
controller

24

Power cord

25

Sensor cable

20

Terminal block and
strip

Referencing Figure I, complete the following steps.
Connect all appropriate wires to the electromagnetic
power relay. Connect one power cord to the power
supply. Connect the second power cord to the PID
controller. Connect all appropriate wires to the PID
controller by twisting the ends of the wire and
screwing them into place. Connect all appropriate
wires to the power supply. Lastly, connect the wires
from the relay and power supply to the terminal
blocks.
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SA3

Heaters with soldered
and crimped wires

29

SA3 Heater with soldered
and crimped wires
6 Silicone sealant
7

Silicone sheet

Scissors,
According to Figure I, arrange heaters on the
Electrical
silicone mat in the appropriate locations and tape
tape, pencil
them down temporarily. Using a pencil, mark the
locations on the silicon where the wires connect to
the heaters and trace the wires, leading off to the
left (if on the left) or back (if on the right).
Remove the tape and cut out the marked sections
in the silicone so that the heaters will lay flush on
the silicone sheet. Using electrical tape, tape the
wires inside the cutout channels, on both sides of
the silicon. Lastly, glue the heaters down onto the
silicon with the connections sitting in the cutouts.
Place a heavy book or flat object on top and leave
the glue to set.
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Figure I. Wiring schematic for heat control system

Live Cell Imaging Operations Manual
Revision: 2
Date: January 11, 2022
Revisions:
1-January 11, 2022-Original Operations Manual-Byrne/Jens
2-February 24, 2022 - Updated Operations Manual
Manual Purpose
The purpose of this manual is to outline instructions for the live cell imaging heated stage and gas control.
This manual will walk through the placement of the samples within the device, the heat control set up,
and the gas control set up.
Contact Information
Any questions regarding this user manual can be directed to:
Kerri Byrne: kbyrne02@calpoly.edu
Abby Jens: ajens@calpoly.edu
Elsa Bean: embean@calpoly.edu
Anna Fraunenheim: afrauenh@calpoly.edu
Procedure 1
Summary
This procedure is used for setting up the physical device and loading the samples into the device.
Revision
1-January 11, 2022-Original Operations Manual - Byrne
1-February 24, 2022 - Update setup procedure - Byrne
Procedure Steps
14. Ensure the pressure release valve is attached to the left side of the chamber. See Figure 1.
15. Attach the CO2 sensor (press fit) on the left side of the chamber. See Figure 1.
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Figure 1. A. CO2 sensor. B. Pressure release valve.
16. Attach the temperature probe by screwing in until finger-tight. See Figure 2.
17. Attach the temperature probe cord (orange top) to the temperature probe by aligning the
half-circle in the appropriate indent and then twisting the metal until finger tight. See Figure 2.

Figure 2. Temperature probe (silver) and cord (orange)
18. Move to Procedure 2 and complete steps #1-5.
19. Unscrew all four thumb screws at the top of the device by twisting to the left and set the screws
aside.
20. Remove the lid of the device and set aside.
21. Carefully place the sample directly on the glass, being careful not to slide it around as this might
scratch the glass.
22. Place the device lid back on the top of the device. Place rear screws first and then front screws.
Begin tightening the back two screws then tightening the front two screws. Tighten by twisting to
the right until finger tight.
WARNING: Be careful when placing the lid back on the device that you do not pinch your
fingers between the lid and the device base.
23. Move to Procedure 3 and complete steps #1-6
24. When imaging is complete, see Procedure 2, step #6, and Procedure 3, step #8-11.
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Procedure 2
Summary
This procedure is used for setting up the heat control aspect of the device.
Revision
1-January 11, 2022-Original Operations Manual - Byrne
Procedure Steps
11. Place the silicone heating mat on the stage, as far to the right as possible, with the heaters facing
up and cords coming off of the left side. See Figure 3.

Figure 3. Silicone heating mat on stage with wires coming off the left side.
12. Place the device on top of the silicone layer with the aluminum base in contact with the silicone
and heaters. The glass should be aligned with the silicone cutout with two inputs on the left and
one on the right. See Figure 4.
WARNING: Ensure the chamber does not sit on top of any wires.
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Figure 4. Device on top of the silicone heating mat on the stage.
13. Plug in both power cords, labeled “heater” and “controller,” to the extension cords behind the
counter. The controller screen should turn on.

Figure 5. Heat control box with heater and controller plugged into extension cords.
14. Wait about 10 seconds for the controller screen to display a temperature reading on the top line in
large red font. The set-point temperature is on the bottom line in small green font. The heaters
will also turn on at this point, indicated by a green light on the relay (see figure 5).

Figure 5. Relay with green light on, indicating the heaters are on.
15. Allow the chamber to heat to the set-point temperature. The red temperature on the controller
screen will match the green set-point when it has heated up. This will take about 15 minutes.
WARNING: The base of the device will be hot once the heating system is turned on. Do not
touch the aluminum base while the heating system is on.
16. Return to Procedure 1, steps #6-10.
17. When imaging is complete, unplug both power cords. The top can be unscrewed and the sample
removed.
18. Wait 5 minutes for the device to cool down before removing the chamber and heaters from the
stage.
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19. Allow the device to cool down completely on the benchtop until they are no longer hot to the
touch.
20. Move device and all heating elements (silicone heating pad, controller, and power source) to
Bench Cabinet #17.

Procedure 3
Summary
This procedure is used for setting up the gas control aspect of the device.
Revision
1-January 11, 2022-Original Operations Manual - Jens
2-February 24, 2022-Update setup and cleanup procedures - Bean
Procedure Steps
1. Make sure that the attachments on the gas canister are secured. Then open the valve to the CO2
canister. Ensure that there is pressure reading on both pressure gauges. See Figure 7.
a. NOTE: The output pressure needs to read 5 psi.

Figure 7. Pressure regulator shown with appropriate input and
output pressures. The handle shown in this photo is for changing
the output regulation. DO NOT rotate this handle, the control system
established for this chamber is for an output pressure of 5 psi only.
WARNING: Ensure there that the gas regulator is securely fastened onto the CO2 canister if not
the gas could quickly leak from the canister filling the room with CO2 and could cause
asphyxiation.
WARNING: If there is no pressure reading on one or both gauges, close the valve and determine
if there is a leak or if there is no CO2 gas left in the canister.
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2. Plug in the power cord, labeled “12V” into the power strip adjacent to the heating control box.
3. Grab the CO2 input tubing, turn on the switch next to the LCD screen of the gas control box, then
wait for the CO2 valve to open for 1 second. Once the CO2 has been flushed through the tubing,
connect the adaptor to the outlet immediately.
WARNING: A loud sound will occur when the CO2 is being flushed through the tubing.
4. Observe the CO2 output readings and listen for solenoid valve ‘clicks’ to determine if CO2 gas is
being injected into the chamber. If the CO2 reading is not visible, unplug the power cord and
restart from Step 1 of Procedure 3.
5. Once the desired CO2 concentration no gas will be injected until the system reaches 4.5% or the
lid is opened causing a decrease in CO2 concentration in the chamber.
a. If during use you replace the sample, the CO2 concentration will decrease and cause
intermittent CO2 injection indicated by the solenoid clicking noise.
WARNING: If at any point there is no CO2 reading output immediately close the CO2
canister valve. Then unplug all cords and restart the system in Step 2 of Procedure 3.
6. Return to Procedure 1, Step #12 (directs you to begin Procedure 4).
7. When imaging is complete, turn off the pressure from the compressed gas cylinder. And remove
the gas input tubing from the chamber.
a. To release pressure from the solenoid valve, use the switch to turn off the gas control then
turn it back on to flush the remaining CO2 from the system.
b. Visualize the pressure regulator to see the output pressure reach 0 psi and turn off the gas
control system. If it has not reached 0 psi, repeat Step 7a.
8. Unplug the “12V” power cord.
9. Remove the CO2 sensor by the blue tabs from the chamber and replace the sensor protectors.
10. Return the entire CO2 gas control system to Bench Cabinet #17.

Procedure 4
Summary
This procedure is used for using the device while imaging.
Revision
1-January 11, 2022-Original Operations Manual - Bean
Procedure Steps
9. Turn on the Olympus light source
10. While watching the objective you will use to visualize the samples, move the objective up
towards the stage. Move it as close as possible to the device, then use the lock function of the
stage adjustment knob to ensure the objective does not go above this desired height.
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Figure 3. The stage adjustment knob unlocked (left) and locked (right).
11. For bright field imaging
a. Turn the bright field light on
i.
Ensure that the filter cube is on an empty space
ii.
Ensure the shutter is closed
12. For fluorescent imaging
a. Turn the burner on
b. Ensure the bright field light is off
c. Choose the appropriate filter cube
d. Open the shutter

Figure 4. Once turned on the burner light will be blue. In this image, the burner is currently on and at an
intensity of 3.
13. Use the coarse focus to visualize sample
a. May require the removal of the top of the chamber (see Procedure 1) is using the
compressor
14. Using the desired objective visualize your sample with the correct filter cube
WARNING: Ensure that when you use the coarse and fine focus that it does not hit the
glass.
WARNING: Ensure that when moving the X-Y stage controls that the glass top of the
objective does not hit the edge of the aluminum and silicone bottom
Reminder: This device is designed to work with 4x and 10x objectives
15. When finished imaging follow instructions to turn off Heat Control (see Procedure 2) and Gas
Control (Procedure 3)
16. Power down the microscope
a. If using bright field turn of the light
b. Ensure the shutter is closed
c. Lower the stage all the way
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d. Turn off the burner
e. Turn off the Olympus light source

Design History File
Table D. Design History File
MPI
Steps Deviations from MPI

Completed By

Initials

Date

7

No 19 holes were still drilled without pilot holes

Abby Jens

AJ

1/12/2022

9

No 30 holes were still drilled without pilot holes

Abby Jens

AJ

1/12/2022

8

Abby Jens

AJ

1/12/2022

9

Abby Jens

AJ

1/12/2022

1-2

Pilot holes were no longer water jetted as it caused cracking
in the polysulfone.
Abby Jens

AJ

1/15/2022

3-4

Milled down recess in aluminum sheet 2mm with a 7/16" end
mill.
Abby Jens

AJ

1/15/2022

5-6

A 1/2" end mill was used for all milling.

Elsa Bean

EB

1/18/2022

19

Elsa Bean

EB

1/18/2022

12

Abby Jens

AJ

1/18/2022

13

Abby Jens

AJ

1/18/2022

15

Abby Jens

AJ

1/18/2022

3-4

Depression was milled to 12 mm compared to written 6 mm
width. A 1/2" end mill was used for all milling.
Elsa Bean

EB

1/20/2022

17

Aluminum glass insert was cut to fit the new 12mm width
such that the insert was 152mm x 107mm.

Elsa Bean

EB

1/22/2022

10-11

Abby Jens

AJ

1/24/2022

20

Abby Jens

AJ

1/24/2022

16

Abby Jens

AJ

2/2/2022

18

Abby Jens

AJ

2/2/2022

23-24 PETG filament was used compared to PLA.

Elsa Bean

EB

2/8/2022

21

Abby Jens

AJ

2/8/2022

14

Abby Jens

AJ

2/8/2022
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22

Elsa Bean

EB

2/11/2022

25-29

Anna Frauenheim

AF

1/16/2022

Table E. Temperature variation testing measurements taken with infrared thermometer.
Perceived Value (˚C)

Sample Temperature (˚C)

37.1

36.6

37.2

35.5

37

37.8

37.1

36.2

37

36.9

37

38

36.9

37.3

37.2

36.6

37

37.2

37.1

35.8

37

36.2

37

37.1

37.3

36.6

37

35.9

36.8

34.9

36.9

36.6

37

36.8

37

37

37.1

36.9

37

36

37.2

37.1

37

37.2

36.9

38.2

37

36.9

37.1

36.3

Table F. Duration of heating data generated every 15 seconds until the system reached 37˚C to ensure the
heaters did not exceed 148 ˚C (300 ˚F).
Time (s)

Temperature of Heaters (˚C)

PID Controller Reading of System (˚C)

0

25.1

25.1

81

15

39.5

25.1

30

41.9

25.2

45

44.8

25.2

60

47.8

25.2

75

50.6

25.3

90

51.6

25.4

105

51.7

25.5

120

56.6

25.7

135

61.3

26

150

61.7

26.5

165

64

26.8

180

68

27.1

195

69

27.4

210

69.8

27.8

225

73

28.1

240

71.8

28.5

255

78.8

28.9

270

71.2

29.3

285

73

29.7

300

76

30

315

78

30.5

330

79.2

30.9

345

86.5

31.2

360

87.7

31.6

375

85

31.9

390

82

32.5

405

89

32.7

420

94.1

33.1

435

94

33.4

450

91

33.7

465

93

33.9

480

94.5

34.1

495

96

34.6

510

97.2

34.9

82

525

99.4

35.4

540

102.5

35.7

555

108.6

36.2

570

110.8

36.8

585

114.4

37.1

Table G. Testing for time to return to set point temperature after perturbation.
Trial

Starting Temperature ˚C

Time Lid was Off (s)

Time to return to 37 ˚C

Dropped to ( ˚C)

1

37

30

2:01

35.8

2

37

20

1:50

36.4

3

37.3

60

2:02

35.7

4

37

20

1:37

35.9

5

37.2

40

1:17

36.1

6

37

10

0:39

36.7

7

37

50

1:00

36.1

8

37

30

0:36

36.7

Average

37.0625

32.5

1:22

36.175

Table H. Testing for the accuracy of the temperature probe to determine if temperature probe calibration is
needed.

Average

Known Temperature (˚C)

Probe Temperature (˚C)

Difference

100

100.44

0.44

100

100.11

0.11

100

100.17

0.17

100

99.89

0.11

100

99.83

0.17

100

100.09

0.09

Table I. Testing for the accuracy of the COMSOL model at location one, the top glass surface.
Trial #

COMSOL

Infrared Reading

Difference

1

21.3

32

10.7

2

21.3

32.4

11.1

3

21.3

33.3

12

4

21.3

33.1

11.8

5

21.3

34.2

12.9

6

21.3

31

9.7

83

7

21.3

30.6

9.3

8

21.3

30.2

8.9

9

21.3

32

10.7

10

21.3

34

12.7

11

21.3

34.5

13.2

12

21.3

33.1

11.8

13

21.3

33.7

12.4

14

21.3

34

12.7

15

21.3

34.1

12.8

16

21.3

32.1

10.8

17

21.3

32.3

11

18

21.3

33.4

12.1

19

21.3

33.7

12.4

20

21.3

34.5

13.2

21

21.3

30.1

8.8

22

21.3

29.8

8.5

23

21.3

34.4

13.1

24

21.3

32

10.7

25

21.3

32.1

10.8

26

21.3

33.5

12.2

27

21.3

32.1

10.8

28

21.3

31.8

10.5

29

21.3

31.6

10.3

30

21.3

32.9

11.6

31

21.3

34.6

13.3

32

21.3

33.2

11.9

33

21.3

31.1

9.8

34

21.3

32.1

10.8

Average

21.3

32.63235294

11.33235294

Table J. Testing for the accuracy of the COMSOL model a location two, the sensor wall.
Trial #

COMSOL

Infrared Reading

Difference

1

30.4

42

11.6

2

30.4

42.2

11.8

3

30.4

41.2

10.8

84

4

30.4

42.3

11.9

5

30.4

43.4

13

6

30.4

44.1

13.7

7

30.4

43.5

13.1

8

30.4

42.9

12.5

9

30.4

42.6

12.2

10

30.4

41.3

10.9

11

30.4

43.3

12.9

12

30.4

44.5

14.1

13

30.4

43.7

13.3

14

30.4

43.3

12.9

15

30.4

42.5

12.1

16

30.4

42.5

12.1

17

30.4

41.5

11.1

18

30.4

43.7

13.3

19

30.4

43.6

13.2

20

30.4

42.3

11.9

21

30.4

42.5

12.1

22

30.4

43.6

13.2

23

30.4

43.4

13

24

30.4

44.5

14.1

25

30.4

40.6

10.2

26

30.4

40.7

10.3

27

30.4

41.6

11.2

28

30.4

43.7

13.3

29

30.4

42.2

11.8

30

30.4

42.9

12.5

31

30.4

42.7

12.3

32

30.4

43.5

13.1

33

30.4

44.5

14.1

34

30.4

43.1

12.7

Average

30.4

42.82058824

12.42058824

Table K. Transmittance testing clarity results using transmittance testing MATLAB code.
Image Type

Clarity (%)

Image Type

Clarity (%)

85

Control 4x1

18.4341

Control 10x1

18.0236

Control 4x2

18.9788

Control 10x2

18.0128

Control 4x3

18.2739

Control 10x3

18.1357

Control 4x4

19.6676

Control 10x4

17.7205

Control 4x5

18.8460

Control 10x5

17.2631

Control 4x6

17.9239

Control 10x6

17.9071

Control 4x7

18.6844

Control 10x7

17.5814

Control 4x8

19.1743

Control 10x8

17.5079

Control 4x9

18.7488

Control 10x9

17.9165

Control 4x10

19.4476

Control 10x10

17.4574

Chamber 4x1

21.0231

Chamber 10x1

18.8334

Chamber 4x2

21.5743

Chamber 10x2

19.3646

Chamber 4x3

21.2226

Chamber 10x3

18.1246

Chamber 4x4

22.6921

Chamber 10x4

18.4637

Chamber 4x5

20.6378

Chamber 10x5

17.7172

Chamber 4x6

19.8643

Chamber 10x6

19.8297

Chamber 4x7

21.4559

Chamber 10x7

17.5966

Chamber 4x8

20.7677

Chamber 10x8

18.1862

Chamber 4x9

20.1253

Chamber 10x9

17.2293

Chamber 4x10

21.2348

Chamber 10x10

17.0104

Table L. Perceived temperature over time
Time (minutes) Perceived Temperature (degC)
0

23.7

0.5

23.8

1

23.9

1.5

24

2

24.2

2.25

24.3

2.5

24.5

86

2.75

24.7

3

24.8

3.25

24.9

3.5

25.1

3.75

25.2

4

25.4

4.25

25.5

4.5

25.7

4.75

25.8

5

26.1

5.25

26.2

5.5

26.5

5.75

26.7

6

26.8

6.25

27.1

6.5

27.3

6.75

27.5

7

27.7

7.25

27.9

7.5

28.1

7.75

28.3

8

28.6

8.25

28.8

8.5

29

8.75

29.3

9

29.4

9.25

29.7

9.5

29.9

9.75

30.2
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10

30.4

10.25

30.7

10.5

30.9

10.75

31.1

11

31.3

11.25

31.6

11.5

31.8

11.75

31.9

12

32.1

12.25

32.4

12.5

32.6

12.75

32.8

13

32.9

13.25

33.1

13.5

33.2

13.75

33.4

14

33.5

14.25

33.7

14.5

33.9

14.75

34

15

34.2

15.25

34.4

15.5

34.5

15.75

34.6

16

34.7

16.25

34.8

16.5

34.9

16.75

35

17

35.1
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17.25

35.1

17.5

35.2

17.75

35.3

18

35.5

18.25

35.6

18.5

35.8

18.75

35.9

19

36

19.25

36

19.5

36.1

19.75

36.2

20

36.3

20.25

36.3

20.5

36.4

20.75

36.4

21

36.5

21.25

36.5

21.5

36.6

21.75

36.7

22

36.7

22.25

36.8

22.5

36.8

22.75

36.9

23

36.9

23.25

36.9

23.5

37

23.75

37.1

24

37.1

24.25

37.1
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24.5

37.1

24.75

37.2

25

37.3

25.25

37.2

25.5

37.3

25.75

37.3

26

37.3

26.5

37.3

28

37.4

29

37.4

30

37.3

31

37.2

32

37.2

34

37.1

35

37.1

36

37.1

38

37.1

39

37.1

40

37

Transmittance Testing MATLAB code
clear all;
close all;
%Image clarity code for Live Cell Imaging Gas and Heat Control
% Read in image files
Control4x1
Control4x2
Control4x3
Control4x4
Control4x5
Control4x6
Control4x7
Control4x8
Control4x9

=
=
=
=
=
=
=
=
=

imread('4x_Control_Image1.tif');
imread('4x_Control_Image2.tif');
imread('4x_Control_Image3.tif');
imread('4x_Control_Image4.tif');
imread('4x_Control_Image5.tif');
imread('4x_Control_Image6.tif');
imread('4x_Control_Image7.tif');
imread('4x_Control_Image8.tif');
imread('4x_Control_Image9.tif');
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Control4x10 = imread('4x_Control_Image10.tif');
Chamber4x1 = imread('4x_Chamber_Image1.tif');
Chamber4x2 = imread('4x_Chamber_Image2.tif');
Chamber4x3 = imread('4x_Chamber_Image3.tif');
Chamber4x4 = imread('4x_Chamber_Image4.tif');
Chamber4x5 = imread('4x_Chamber_Image5.tif');
Chamber4x6 = imread('4x_Chamber_Image6.tif');
Chamber4x7 = imread('4x_Chamber_Image7.tif');
Chamber4x8 = imread('4x_Chamber_Image8.tif');
Chamber4x9 = imread('4x_Chamber_Image9.tif');
Chamber4x10 = imread('4x_Chamber_Image10.tif');
Control10x1 = imread('10x_Control_Image1.tif');
Control10x2 = imread('10x_Control_Image2.tif');
Control10x3 = imread('10x_Control_Image3.tif');
Control10x4 = imread('10x_Control_Image4.tif');
Control10x5 = imread('10x_Control_Image5.tif');
Control10x6 = imread('10x_Control_Image6.tif');
Control10x7 = imread('10x_Control_Image7.tif');
Control10x8 = imread('10x_Control_Image8.tif');
Control10x9 = imread('10x_Control_Image9.tif');
Control10x10 = imread('10x_Control_Image10.tif');
Chamber10x1 = imread('10x_Chamber_Image1.tif');
Chamber10x2 = imread('10x_Chamber_Image2.tif');
Chamber10x3 = imread('10x_Chamber_Image3.tif');
Chamber10x4 = imread('10x_Chamber_Image4.tif');
Chamber10x5 = imread('10x_Chamber_Image5.tif');
Chamber10x6 = imread('10x_Chamber_Image6.tif');
Chamber10x7 = imread('10x_Chamber_Image7.tif');
Chamber10x8 = imread('10x_Chamber_Image8.tif');
Chamber10x9 = imread('10x_Chamber_Image9.tif');
Chamber10x10 = imread('10x_Chamber_Image10.tif');
% Analyze Image focus based on Brenner's focus measure operator, outputs %
relative degree of focus percent of the image ?
FM_Control4x1 = fmeasure(Control4x1, 'CONT');
FM_Control4x2 = fmeasure(Control4x2, 'CONT');
FM_Control4x3 = fmeasure(Control4x3, 'CONT');
FM_Control4x4 = fmeasure(Control4x4, 'CONT');
FM_Control4x5 = fmeasure(Control4x5, 'CONT');
FM_Control4x6 = fmeasure(Control4x6, 'CONT');
FM_Control4x7 = fmeasure(Control4x7, 'CONT');
FM_Control4x8 = fmeasure(Control4x8, 'CONT');
FM_Control4x9 = fmeasure(Control4x9, 'CONT');
FM_Control4x10 = fmeasure(Control4x10, 'CONT');
FM_Control4x_Avg = (FM_Control4x1 + FM_Control4x2 + FM_Control4x3 ...
+ FM_Control4x4 + FM_Control4x5 + FM_Control4x6 ...
+ FM_Control4x7 + FM_Control4x8 + FM_Control4x9 ...
+ FM_Control4x10)/10;
FM_Chamber4x1 = fmeasure(Chamber4x1, 'CONT');
FM_Chamber4x2 = fmeasure(Chamber4x2, 'CONT');
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FM_Chamber4x3 = fmeasure(Chamber4x3, 'CONT');
FM_Chamber4x4 = fmeasure(Chamber4x4, 'CONT');
FM_Chamber4x5 = fmeasure(Chamber4x5, 'CONT');
FM_Chamber4x6 = fmeasure(Chamber4x6, 'CONT');
FM_Chamber4x7 = fmeasure(Chamber4x7, 'CONT');
FM_Chamber4x8 = fmeasure(Chamber4x8, 'CONT');
FM_Chamber4x9 = fmeasure(Chamber4x9, 'CONT');
FM_Chamber4x10 = fmeasure(Chamber4x10, 'CONT');
FM_Chamber4x_Avg = (FM_Chamber4x1 + FM_Chamber4x2 + FM_Chamber4x3 ...
+ FM_Chamber4x4 + FM_Chamber4x5 + FM_Chamber4x6 ...
+ FM_Chamber4x7 + FM_Chamber4x8 + FM_Chamber4x9 ...
+ FM_Chamber4x10)/10;
FM_Control10x1 = fmeasure(Control10x1, 'CONT');
FM_Control10x2 = fmeasure(Control10x2, 'CONT');
FM_Control10x3 = fmeasure(Control10x3, 'CONT');
FM_Control10x4 = fmeasure(Control10x4, 'CONT');
FM_Control10x5 = fmeasure(Control10x5, 'CONT');
FM_Control10x6 = fmeasure(Control10x6, 'CONT');
FM_Control10x7 = fmeasure(Control10x7, 'CONT');
FM_Control10x8 = fmeasure(Control10x8, 'CONT');
FM_Control10x9 = fmeasure(Control10x9, 'CONT');
FM_Control10x10 = fmeasure(Control10x10, 'CONT');
FM_Control10x_Avg =
+
+
+

(FM_Control10x1 + FM_Control10x2 + FM_Control10x3 ...
FM_Control10x4 + FM_Control10x5 + FM_Control10x6 ...
FM_Control10x7 + FM_Control10x8 + FM_Control10x9 ...
FM_Control10x10)/10;

FM_Chamber10x1 = fmeasure(Chamber10x1, 'CONT');
FM_Chamber10x2 = fmeasure(Chamber10x2, 'CONT');
FM_Chamber10x3 = fmeasure(Chamber10x3, 'CONT');
FM_Chamber10x4 = fmeasure(Chamber10x4, 'CONT');
FM_Chamber10x5 = fmeasure(Chamber10x5, 'CONT');
FM_Chamber10x6 = fmeasure(Chamber10x6, 'CONT');
FM_Chamber10x7 = fmeasure(Chamber10x7, 'CONT');
FM_Chamber10x8 = fmeasure(Chamber10x8, 'CONT');
FM_Chamber10x9 = fmeasure(Chamber10x9, 'CONT');
FM_Chamber10x10 = fmeasure(Chamber10x10, 'CONT');
FM_Chamber10x_Avg =
+
+
+

(FM_Chamber10x1 + FM_Chamber10x2 + FM_Chamber10x3 ...
FM_Chamber10x4 + FM_Chamber10x5 + FM_Chamber10x6 ...
FM_Chamber10x7 + FM_Chamber10x8 + FM_Chamber10x9 ...
FM_Chamber10x10)/10;

disp(FM_Control4x_Avg);
disp(FM_Chamber4x_Avg);
disp(FM_Chamber10x_Avg);
disp(FM_Control10x_Avg);

function FM = fmeasure(Image, Measure, ROI)
%This function measures the relative degree of focus of
%an image. It may be invoked as:
%
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%
FM = fmeasure(IMAGE, METHOD, ROI)
%
%Where
%
IMAGE, is a grayscale image and FM is the computed
%
focus value.
%
METHOD, is the focus measure algorithm as a string.
%
see 'operators.txt' for a list of focus
%
measure methods.
%
ROI,
Image ROI as a rectangle [xo yo width heigth].
%
if an empty argument is passed, the whole
%
image is processed.
%
% Said Pertuz
% Jan/2016
if nargin>2 && ~isempty(ROI)
Image = imcrop(Image, ROI);
end
WSize = 15; % Size of local window (only some operators)
switch upper(Measure)
case 'ACMO' % Absolute Central Moment (Shirvaikar2004)
if ~isinteger(Image), Image = im2uint8(Image);
end
FM = AcMomentum(Image);
case 'BREN' % Brenner's (Santos97)
[M, N] = size(Image);
DH = zeros(M, N);
DV = zeros(M, N);
DV(1:M-2,:) = Image(3:end,:)-Image(1:end-2,:);
DH(:,1:N-2) = Image(:,3:end)-Image(:,1:end-2);
FM = max(DH, DV);
FM = FM.^2;
FM = mean2(FM);
case 'CONT' % Image contrast (Nanda2001)
ImContrast = @(x) sum(abs(x(:)-x(5)));
FM = nlfilter(Image, [3 3], ImContrast);
FM = mean2(FM);
case 'CURV' % Image Curvature (Helmli2001)
if ~isinteger(Image), Image = im2uint8(Image);
end
M1 = [-1 0 1;-1 0 1;-1 0 1];
M2 = [1 0 1;1 0 1;1 0 1];
P0 = imfilter(Image, M1, 'replicate', 'conv')/6;
P1 = imfilter(Image, M1', 'replicate', 'conv')/6;
P2 = 3*imfilter(Image, M2, 'replicate', 'conv')/10 ...
-imfilter(Image, M2', 'replicate', 'conv')/5;
P3 = -imfilter(Image, M2, 'replicate', 'conv')/5 ...
+3*imfilter(Image, M2, 'replicate', 'conv')/10;
FM = abs(P0) + abs(P1) + abs(P2) + abs(P3);
FM = mean2(FM);
case 'DCTE' % DCT energy ratio (Shen2006)
FM = nlfilter(Image, [8 8], @DctRatio);
FM = mean2(FM);
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case 'DCTR' % DCT reduced energy ratio (Lee2009)
FM = nlfilter(Image, [8 8], @ReRatio);
FM = mean2(FM);
case 'GDER' % Gaussian derivative (Geusebroek2000)
N = floor(WSize/2);
sig = N/2.5;
[x,y] = meshgrid(-N:N, -N:N);
G = exp(-(x.^2+y.^2)/(2*sig^2))/(2*pi*sig);
Gx = -x.*G/(sig^2);
Gx = Gx/sum(abs(Gx(:)));
Gy = -y.*G/(sig^2);
Gy = Gy/sum(abs(Gy(:)));
Rx = imfilter(double(Image), Gx, 'conv', 'replicate');
Ry = imfilter(double(Image), Gy, 'conv', 'replicate');
FM = Rx.^2+Ry.^2;
FM = mean2(FM);
case 'GLVA' % Graylevel variance (Krotkov86)
FM = std2(Image);
case 'GLLV' %Graylevel local variance (Pech2000)
LVar = stdfilt(Image, ones(WSize,WSize)).^2;
FM = std2(LVar)^2;
case 'GLVN' % Normalized GLV (Santos97)
FM = std2(Image)^2/mean2(Image);
case 'GRAE' % Energy of gradient (Subbarao92a)
Ix = Image;
Iy = Image;
Iy(1:end-1,:) = diff(Image, 1, 1);
Ix(:,1:end-1) = diff(Image, 1, 2);
FM = Ix.^2 + Iy.^2;
FM = mean2(FM);
case 'GRAT' % Thresholded gradient (Snatos97)
Th = 0; %Threshold
Ix = Image;
Iy = Image;
Iy(1:end-1,:) = diff(Image, 1, 1);
Ix(:,1:end-1) = diff(Image, 1, 2);
FM = max(abs(Ix), abs(Iy));
FM(FM<Th)=0;
FM = sum(FM(:))/sum(sum(FM~=0));
case
Ix =
FM =
FM =

'GRAS' % Squared gradient (Eskicioglu95)
diff(Image, 1, 2);
Ix.^2;
mean2(FM);

case 'HELM' %Helmli's mean method (Helmli2001)
MEANF = fspecial('average',[WSize WSize]);
U = imfilter(Image, MEANF, 'replicate');
R1 = U./Image;
R1(Image==0)=1;
index = (U>Image);
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FM = 1./R1;
FM(index) = R1(index);
FM = mean2(FM);
case 'HISE' % Histogram entropy (Krotkov86)
FM = entropy(Image);
case 'HISR' % Histogram range (Firestone91)
FM = max(Image(:))-min(Image(:));
case 'LAPE' % Energy of laplacian (Subbarao92a)
LAP = fspecial('laplacian');
FM = imfilter(Image, LAP, 'replicate', 'conv');
FM = mean2(FM.^2);
case 'LAPM' % Modified Laplacian (Nayar89)
M = [-1 2 -1];
Lx = imfilter(Image, M, 'replicate', 'conv');
Ly = imfilter(Image, M', 'replicate', 'conv');
FM = abs(Lx) + abs(Ly);
FM = mean2(FM);
case 'LAPV' % Variance of laplacian (Pech2000)
LAP = fspecial('laplacian');
ILAP = imfilter(Image, LAP, 'replicate', 'conv');
FM = std2(ILAP)^2;
case
M1 =
M2 =
M3 =
F1 =
F2 =
F3 =
F4 =
FM =
FM =

'LAPD' % Diagonal laplacian (Thelen2009)
[-1 2 -1];
[0 0 -1;0 2 0;-1 0 0]/sqrt(2);
[-1 0 0;0 2 0;0 0 -1]/sqrt(2);
imfilter(Image, M1, 'replicate', 'conv');
imfilter(Image, M2, 'replicate', 'conv');
imfilter(Image, M3, 'replicate', 'conv');
imfilter(Image, M1', 'replicate', 'conv');
abs(F1) + abs(F2) + abs(F3) + abs(F4);
mean2(FM);

case 'SFIL' %Steerable filters (Minhas2009)
% Angles = [0 45 90 135 180 225 270 315];
N = floor(WSize/2);
sig = N/2.5;
[x,y] = meshgrid(-N:N, -N:N);
G = exp(-(x.^2+y.^2)/(2*sig^2))/(2*pi*sig);
Gx = -x.*G/(sig^2);Gx = Gx/sum(Gx(:));
Gy = -y.*G/(sig^2);Gy = Gy/sum(Gy(:));
R(:,:,1) = imfilter(double(Image), Gx, 'conv', 'replicate');
R(:,:,2) = imfilter(double(Image), Gy, 'conv', 'replicate');
R(:,:,3) = cosd(45)*R(:,:,1)+sind(45)*R(:,:,2);
R(:,:,4) = cosd(135)*R(:,:,1)+sind(135)*R(:,:,2);
R(:,:,5) = cosd(180)*R(:,:,1)+sind(180)*R(:,:,2);
R(:,:,6) = cosd(225)*R(:,:,1)+sind(225)*R(:,:,2);
R(:,:,7) = cosd(270)*R(:,:,1)+sind(270)*R(:,:,2);
R(:,:,8) = cosd(315)*R(:,:,1)+sind(315)*R(:,:,2);
FM = max(R,[],3);
FM = mean2(FM);
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case 'SFRQ' % Spatial frequency (Eskicioglu95)
Ix = Image;
Iy = Image;
Ix(:,1:end-1) = diff(Image, 1, 2);
Iy(1:end-1,:) = diff(Image, 1, 1);
FM = mean2(sqrt(double(Iy.^2+Ix.^2)));
case
Sx =
Gx =
Gy =
FM =
FM =

'TENG'% Tenengrad (Krotkov86)
fspecial('sobel');
imfilter(double(Image), Sx, 'replicate', 'conv');
imfilter(double(Image), Sx', 'replicate', 'conv');
Gx.^2 + Gy.^2;
mean2(FM);

case 'TENV' % Tenengrad variance (Pech2000)
Sx = fspecial('sobel');
Gx = imfilter(double(Image), Sx, 'replicate', 'conv');
Gy = imfilter(double(Image), Sx', 'replicate', 'conv');
G = Gx.^2 + Gy.^2;
FM = std2(G)^2;
case 'VOLA' % Vollath's correlation (Santos97)
Image = double(Image);
I1 = Image; I1(1:end-1,:) = Image(2:end,:);
I2 = Image; I2(1:end-2,:) = Image(3:end,:);
Image = Image.*(I1-I2);
FM = mean2(Image);
case 'WAVS' %Sum of Wavelet coeffs (Yang2003)
[C,S] = wavedec2(Image, 1, 'db6');
H = wrcoef2('h', C, S, 'db6', 1);
V = wrcoef2('v', C, S, 'db6', 1);
D = wrcoef2('d', C, S, 'db6', 1);
FM = abs(H) + abs(V) + abs(D);
FM = mean2(FM);
case 'WAVV' %Variance of Wav...(Yang2003)
[C,S] = wavedec2(Image, 1, 'db6');
H = abs(wrcoef2('h', C, S, 'db6', 1));
V = abs(wrcoef2('v', C, S, 'db6', 1));
D = abs(wrcoef2('d', C, S, 'db6', 1));
FM = std2(H)^2+std2(V)+std2(D);
case 'WAVR'
[C,S] = wavedec2(Image, 3, 'db6');
H = abs(wrcoef2('h', C, S, 'db6', 1));
V = abs(wrcoef2('v', C, S, 'db6', 1));
D = abs(wrcoef2('d', C, S, 'db6', 1));
A1 = abs(wrcoef2('a', C, S, 'db6', 1));
A2 = abs(wrcoef2('a', C, S, 'db6', 2));
A3 = abs(wrcoef2('a', C, S, 'db6', 3));
A = A1 + A2 + A3;
WH = H.^2 + V.^2 + D.^2;
WH = mean2(WH);
WL = mean2(A);
FM = WH/WL;
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otherwise
error('Unknown measure %s',upper(Measure))
end
end
%************************************************************************
function fm = AcMomentum(Image)
[M, N] = size(Image);
Hist = imhist(Image)/(M*N);
Hist = abs((0:255)-mean2(Image))'.*Hist;
fm = sum(Hist);
end
%******************************************************************
function fm = DctRatio(M)
MT = dct2(M).^2;
fm = (sum(MT(:))-MT(1,1))/MT(1,1);
end
%************************************************************************
function fm = ReRatio(M)
M = dct2(M);
fm = (M(1,2)^2+M(1,3)^2+M(2,1)^2+M(2,2)^2+M(3,1)^2)/(M(1,1)^2);
end
%******************************************************************
Table L. Transmittance testing image results.
Image
Chamber 10x
Number

Control 10x

1

2
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3

4

5
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6

7

8

99

9

10

Image
Number

Chamber 4x

Control 4x

1

100

2

3

4
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5

6

7

102

8

9

10

103

